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ABSTRACT
Lower hybrid current drive experiments have been performed on the Alca-
tor C tokamak at plasma densities up to t, = Ix10" cm-3. An equilibrium
plasma current of several hundred kiloamperes has been maintained by the in-
jected radiofrequency power alone. Current drive requires the generation of a
high energy electron tail, anisotropic in velocity space, which must be investigated
in order to understand the physics issues related to lower hybrid current drive.
Bremsstrahlung emission produced by this tail has been measured using Nal spec-
troscopy. Both the emission profiles and the emission as a function of the angle
between the magnetic axis and the emission direction have been measured. The
profile measurements show that the emission is peaked on axis and that the spec-
tra extend out to several hundred keV. The measurements of the emission as a
function of angle are compared to the emission calculated from a reasonable model
distribution function. The physical basis and the sensitivity of this modeling tech-
nique are discussed. The data indicate that the electron tail is nearly flat and is
highly anisotropic extending in a preferred toroidal direction out to approximately
500 keV. The plasma properties that can be derived from this model are discussed.
It is found that the stored energy in the tail is comparable to the stored energy
in the bulk plasma. A detailed study also shows that the energy confinement for
the tail is better than for the bulk plasma, and that the energy confinement time
increases with tail electron energy.
Thesis Supervisor: Dr. Miklos Porkolab
Title: Professor of Physics
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CHAPTER 1. INTRODUCTION
1.1 Motivation for this Work
Perhaps the single greatest obstacle in the classical tokamak's path to becom-
ing a viable power producing reactor is the intrinsic pulsed nature of the device.
This can lead to many problems, including the necessity to provide some sort of
external energy storage device, and the failure of actual machine components due
to cyclic stresses. The root of the pulsed nature of tokamaks is the fact that a large
toroidal current flowing in the plasma itself is necessary for plasma confinement.
This plasma current is usually produced by means of induction where the plasma
acts as the secondary loop of a transformer system.
A relatively novel technique of generating toroidal currents by traveling ra-
diofrequency (rf) waves, has received considerable attention lately [P3]. In par-
ticular, the generation of toroidal currents in tokamaks by means of injecting
traveling lower hybrid waves has been demonstrated recently on a number of toka-
maks including PLT [H3], Versator II [L2], Wega [G2], Petula [G3], JFT2 [J1],
and FT [A2] although on all devices except Alcator and PLT ohmic current drive
is present simultaneously with the rf. These experiments are of great interest be-
cause high power steady-state rf sources are available in the frequency range of
interest. Hence, the technology exists to supply the large amounts of power needed
to generate multi-megaampere toroidal currents. The key question is whether the
rf current generation will be sufficiently economical in a power reactor.
One of the most distinguishing features of rf current drive is its effect on the
electron distribution function which under normal ohmic conditions is a slightly
shifted Maxwellian. Rf current drive works by trapping electrons in local wave
potential troughs and accelerating them to the phase velocity of the injected wave.
10
In this way, electrons are diffused in velocity space into a high energy tail extending
preferentially in one toroidal direction out to several hundred keV. In order to
understand the detailed physics of rf current drive, it is necessary to ascertain the
real space and velocity space shape and magnitude of this high energy tail.
The fast electrons will undergo small angle scatters with comparatively sta-
tionary plasma ions. The resulting bremsstrahlung emission will be in the interme-
diate to hard x-ray range (10-1000 keV) where the upper bound is determined by
the highest energy electrons present in the plasma. The emitted x-ray spectrum
is a bremsstrahlung-cross-section-vieighted average of the tail electron distribu-
tion function. Thus, by measuring this spectral emission, information about the
real and velocity space shapes of the tail can be obtained. In the present thesis,
these measurements have been made via a unique application of the fairly stan-
dard technique of NaI scintillator spectroscopy. The results of these measurements
have been interpreted in the context of presently understood general lower hybrid
wave theory, and specifically the theory of current drive.
1.2 Organization of this Thesis
A description of the Alcator C tokamak, its lower hybrid heating and cur-
rent drive system, and their operation during a typical current drive discharge
(shot) are given in the remainder of this chapter. In the next chapter, a review
of lower hybrid wave theory relevant to the present work is presented, including
the n1 l spectrum, accessibility, toroidal effects and scattering from density fluctua-
tions, and finite temperature effects. In Chapter 3, a somewhat detailed exposition
of lower hybrid current drive theory is given including analytic one dimensional
theory, numerical two dimensional theory, and computer code transport simula-
tions. Chapter 4 reviews the principles and practice of Nal x-ray spectroscopy as
it relates to the measurements made here. The results of the spatially resolved
11
perpendicular emission measurements are presented and compared with theory in
Chapter 5. In Chapter 6, a technique for determining the fast electron tail shape
and the results of the application of this technique are given. Chapter 7 discusses
the observation of some transient phenomena occuring during current drive. Fi-
nally, in Chapter 8, a summary and conclusions, as well as recommendations for
future work are offered.
1.3 The Alcator C Tokamak
The Alcator C tokamak is currently in operation at the Plasma Fusion Center
at MIT [G4]. The Alcator program utilizes the high field magnet technology
developed at the Francis Bitter National Magnet Laboratory which offers a unique
way to construct tokamaks inexpensively with very high toroidal magnetic fields.
Alcator C operates with toroidal fields up to 12 tesla. This high magnetic field
supports the confinement of high density plasmas via plasma current densities in
excess of 1 kA/cm 2 . High magnetic fields also permit the construction of very
compact devices. Alcator C has a major radius of 64 cm and a minor radius of
16.5 cm.
One major drawback to such a compact device is the limited access to the
plasma. The "Bitter plate" construction, which allows the high fields, encloses the
entire plasma chamber with up to 50 cm of copper and stainless steel. Physical
and optical access is only granted by insertion of stainless steel wedges (flanges)
with machined "keyholes" in the magnet assembly. The largest of these keyholes is
roughly 1.5 in x 12 in. Alcator C has 6 flanges spaced 60 degrees apart toroidally
around the torus. Each flange has access ports on the top, bottom, and outside
edge for a total of 18. Because of the small size of these ports, auxillary heating
equipment (such as waveguide arrays for lower hybrid wave launching) and diag-
nostics (such as the angular x-ray arrays discussed in Chapter 6) must be specially
12
designed.
A typical plasma discharge (shot) is limited to several hundred milliseconds.
The ohmic heating power input to the plasma during this time can be up to 1 MW
and this power must be absorbed by the surrounding structure. Such power loads
could damage the vacuum chamber wall so a ring of blocks surrounds the minor
radius at various toroidal locations. These "limiters", whose blocks are made
of molybdenum, graphite, or silicon carbide coated graphite, define the plasma
edge and absorb a significant fraction of energy load. The remaining power is
radiated in the entire frequency spectrum from infared to x-rays. The vacuum
chamber walls are made of stainless steel bellows with an inner radius of 19 cm
at the port flanges. In addition to the main limiters, there are two stainless steel
virtual(secondary) limiters, one on each side of every port. They protrude 1 cm
from the vacuum chamber wall and have an inner radius of 18 cm.
The toroidal magnetic field is usually oriented in the counter-clockwise direc-
tion as viewed from the top of the machine. The current flow is in the clockwise
direction so that the (so-called ohmic) electron drift direction is counter-clockwise.
Table 1.1 gives a summary of Alcator C parameters.
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Major Radius
Minor Radius
Toroidal Magnetic Field
Plasma Current
Plasma Density
Electron Temperature
Ion Temperature
Energy Confinement Time
Lawson Product
RF Heating Power
Peak Power Requirement
Pulse Duration
R = 64cm
a = 16.5 cm
BT < 12T
Ip , 1 MA
1x10 13 cm- 3 < ne 5 2x10 5 cm-3
1keV < Te.< 3keV
0.6keV < Ti < 1.5keV
TE < 50ms
nr < 1x10 14 sec/cm 3
PLH 3MW @ 4.6GHz
PICRF < 0.5MW @ 200MHz
Pp < 240 MWe
rpulse < 0.5sec
Table 1.1 - Alcator C Parameters
1.4 The RF System
The lower hybrid rf system consists of a total of four independent units each
capable of supplying 1 MW of source power [Ill. Each unit consists of four single
cavity klystrons each with a power output of 250 kW. A single klystron supplies
power to four waveguides in a column of a 4 row by 4 column 16-waveguide array.
A block diagram of one such unit is shown in Fig. 1.1. A master oscillator
produces a stable 4.600 GHz signal for the klystron driver chain input in addition
to 4.601 GHz and 1 MHz phase-locked reference signals for phase measurements
of the incident waves in each waveguide. The driver signals are adjusted so that
the power level and phase of each klystron output are roughly the same. Once
done, the total power output is varied via the klystron cathode voltage and the
14
relative phase between waveguide array columns controlled by means of electronic
phase shifters. The pulse length is determined by a voltage pulse applied to the
diode switch. This voltage can be ramped up (- 1 ms) so as to turn the rf on
sufficiently slowly to prevent sudden changes in the plasma current (and hence
equilibrium) that would result in a rapid change in the plasma position thereby
leading to limiter damage, impurity influx, and possible termination of the plasma
discharge via a disruption. The power of the incident and reflected wave and the
relative phase of the incident wave in each of the 16 waveguides is monitored.
The power is measured with calibrated crystals and the phase is measured at the
IF frequency of 1 MHz (4.600 GHz and 4.601 GHz mixed) by comparison with
the 1 MHz reference. The protection circuits will shut off the rf if an arc, or
too high reflectivity occurs. The protection circuit near the klystron terminates
the rf pulse if the VSWR of the klystron output becomes too high or if a visible
arc occurs at the output window. The protection circuit near the waveguide array
terminates the rf pulse whenever the reflectivity in any waveguide exceeds a preset
level (usually 50 %). The waveguides are filled with dry nitrogen up to the BeO
vacuum window to prevent condensate formation and to improve rf breakdown
characteristics. The vacuum window is located approximately 10 cm from the
waveguide mouth so that the w = we layer is in the nitrogen pressurized section
of the waveguide. The maximum power throughput achieved without breakdown
is about 9 kW/cm2 for an incident power of 700 kW. The impedance matching
of the waveguide array to the plasma edge is optimized by moving the waveguide
array in-and-out of the vacuum chamber, or occasionally by adjusting the plasma
position. Overall reflectivities of less than 10% are routinely attainable.
1.5 A Typical Current Drive Discharge
Figure 1.2 shows a typical current drive shot. Here, the ohmic heating (OH)
primary coil is charged with current before the commencement of the discharge at
15
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which point the OH current is "crowbarred" through a low valued resistance. This
produces a large toroidal loop voltage spike that ionizes the vacuum chamber fill
gas (usually hydrogen) thereby producing a plasma. The crowbar resistance is then
increased to provide a steady low loop voltage that drives an increasing plasma
current. At the point where the OH coil is fully discharged, it is open circuited
thereby effectively removing it from the machine circuitry and the plasma current
begins to inductively decay. Before the plasma current reaches a zero value, the
rf is turned on. With adaquate power, this "flat-tops" the current for as long as
the rf is present after which it continues its decay. During the entire discharge the
equilibrium vertical field tracks the plasma current via a feedback circuit thereby
maintaining the plasma position.
With the injection of the rf power, both the plasma and limiter hard x-rays,
and the ECE emission increase from near zero values indicating the development
of a current carrying high energy electron tail. After enough time (- 50ms), these
emissions have nearly reached saturated levels. (Actually, they are still evolving
slowly due to the sensitive dependence on the density, which here is decreasing.
This is discussed in more detail in Chapter 5.) Also, the loop voltage has reached
a steady zero value and Op + li/2 (not shown) has attained a nearly constant
level indicating that the current profile has relaxed to a new rf driven equilibrium.
Often, at sufficiently high power levels, the rf produced fast electrons will lead to
a large influx of impurities believed to originate from the plasma limiters. This
can lead to large radiated power levels which often destroys the current driving
capability of the system, and in the worst case can lead to a major disruption
[M3].
When the rf is turned off in this particular case, after a delay there is a burst
in the plasma and limiter hard x-rays and in the ECE emission. This is believed
to be due to the rf produced multi-keV electrons being accelerated to multi-MeV
levels by the inductively rising loop voltage. The limiter hard x-rays and the
17
I
xli 00I §i"
x L. I
11600 >
0 00z 0
18
-4
0
(0
mmm"
-. L .JA ..... L.... t ~ L i I I 1 1 1 1 1 11 I773.
00(N
0
.
0
E
L--
ECE emission then break into periodic oscillations. Chapter 7 discusses these
phenomena in greater detail.
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CHAPTER 2. GENERAL LOWER HYBRID THEORY
In order to understand the context in which current drive fits into the overall
lower hybrid theoretical structure, this chapter provides a comparatively brief
review of general lower hybrid theory. The physical questions that need to be
addressed in lower hybrid theory (and indeed in any wave heating scheme) are:
" Coupling to the plasma at the antenna
" Wave propagation in complex magnetic field geometry
" Accessibility
" Absorbtion processes (finite temperature effects)
Each of the following sections addresses one of these issues as it particularly relates
lower hybrid current driven plasmas.
2.1 Plasma Waveguide Coupling and the nil Spectrum
Lower hybrid waves are excited in a plasma by the use of a "slow wave struc-
ture" such as a phased waveguide array 1B4],[B1). As shall be shown, lower hybrid
wave accessibility in the plasma requires that the wave parallel phase velocity (par-
allel to the ambient, primarily toroidal, magnetic field) be slowed below the speed
of light (w/kll < c). Typically, a waveguide array consists of a series of rectangular
waveguides placed side by side in the toroidal direction with the broad walls in
contact. By controlling the phase of the microwaves in each waveguide relative to
one reference waveguide, the Fourier power spectrum in the toroidal (essentially
parallel) direction can be tailored to meet the requirements for wave accessibility.
20
For example, imposing a periodic phasing basically forces the parallel wavelength
to conform to the waveguide spacing. This can be made shorter than the free
space wavelength and hence, the resulting parallel plasma phase velocity is less
than the free space phase velocity (c) as required for accessibility. Each waveguide
carries the TE 10 mode so that the launched wave has a polarization in the r-4
plane. In general, more waveguides in the toroidal direction produces a better
defined nil spectrum. In Alcator C, the narrow port size ( 4 cm) permits only 4
adjacent guides. However, 4 rows of waveguides are stacked atop each other to
maximize the power input to the plasma.
Waveguide-plasma coupling depends primarily on the plasma density and
density gradient at the waveguide mouth. The former can be controlled simply by
moving the waveguide with respect to the plasma in or out of the vacuum chamber
(or by ocassionally moving the plasma with horizontal position coils) to minimize
the power reflected from the plasma surface back into the waveguide. Reflected
power values of less than 10% are typically achievable. The theoretically optimum
coupling occures for a density at the waveguide mouth given by W2e W2n [B1J.
Since n|l > 1 is required for accessibility, this implies an overdense plasma at the
waveguide mouth.
The theoretical nil spectrum for the Alcator C waveguide array is shown in
Fig. 2.1 [P1]. The nil spectrum for 1800 phasing (0-7r-0-7r) is peaked at Inil = 3
with most of the power between 2 and 4. Since this phasing is symmetric, the
nl spectrum is symmetric in the positive and negative toroidal directions. The
positive direction is defined as the ohmic electron drift direction. Also shown is
the power spectrum resulting from +900 phasing. This is the phasing typically
used during current drive. In this case most of the power is launched in the
positive direction in the range +1 < nl < +2.5. Note, however, that about 1/3 of
the power is unavoidably launched in the negative direction and it is centered at
ni = -4.5. This portion of the power can have important effects during current
21
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drive, especially during non-steady-state discharges which will be discussed later.
Finally, note that the launched n1 power spectrum can undergo significant
alterations due to toroidal effects, scattering from density fluctuations, paramet-
ric decay, reflection from corrugated walls 1S21 (such as in Alcator C), or any
combination of these.
2.2 Cold Plasma Dispersion Relation and Accessibility
Beginning with Maxwell's equations
1 dBSx E = -I - -
c 1 4?
- cdt Ic
the wave equation can be derived by Fourier analysing in space and time. Assum-
ing a WKB type approach is valid we have (S3]:
n(nE) -n 2 E + EE = 0 (2.1)
where n = ck/w and E = 1 + E + E,. is the dielectric tensor which is divided into
vacuum, electron, and ion components. The dielectric tensor is defined as:
47ri
where the information about the plasma response to an applied electric field (rf)
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is contained in J and the medium is assumed to be linear (but not isotropic) so
that c is independent of the electric field. The wave equation is a set of three
homogenous linear simultaneous equations in the three components of E so that
a non-trivial solution exists only for the determinant set to zero:
exx - n 2 Y (Z + n|in,
D(k, w) = cyx (Y - =2 EYZ 0. (2.2a)
Ezx + nEini cy ezz - n2
Cold plasma theory (kipe < kipi < 1, w - nwc 1/kjvtj > 1) is generally
valid for lower hybrid waves until they propogate to near the plasma center where
finite temperature effects can lead to mode conversion or electron Landau damping.
For the lower hybrid regime, wj < w < Wce, the cold plasma dielectric tensor
elements have the form:
EX1+ Pe _ __
Wce
2
czz = f 
W 2
where a constant magnetic field in the z direction is assumed, and all other elements
of the dielectric tensor vanish. In this "slab" model the z and parallel (toroidal)
directions are the same, the x and perpendicular (radial) directions are the same,
and the y and theta (poloidal) directions are the same.
Since the n1i spectrum tends to be fixed by the slow wave launching structure,
the cold plasma dispersion relationship, Eq. 2.2a, can be solved for ni in terms
of n||:
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A 2nI + AinI + Ao = 0 (2.2b)
where
A2 =
A1 = (Efx + Ezz)(n -_ EX) - E y
Ao = Ezz[(nII E - + Exy,i
Equation 2.2b has two solution roots given by:
2 -A 1 ± /A-4A 2A0n = 2A(2.3)2A 2
where the plus sign corresponds to the slow (lower hybrid) wave and the minus
sign corresponds to the fast (whistler) wave.
Near the critical layer (PPe = W - ZZ = 0 near the plasma edge), Ex.,
1, 1Exy I 0, Ezz = 1 - W e/W2 and the two solutions can be simply written as:
" Fast wave; n2=1 n2 and is polarized in the y plane
" Slow wave; nI = (1 - Woe/W 2 )(1 - n 2) and is polarized in the x-z
plane.
Note that beyond the critical density 1-w 2/w 2 < 0 so that n1l > 1 is required
for propagation of the slow mode as stated earlier. Note also that the slow and
fast waves are well seperated so that the choice of a slow wave launching structure
insures that very little power is coupled to the fast wave. In fact,the fast wave is
always evanescent from the plasma edge to some sizable distance into the plasma.
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Far from the critical layer the full structure of the two roots must be retained,
and the fast and slow dispersion relationships are plotted in Fig. 2.2. Since both
solutions depend on nil, different parts of the launched n1l spectrum will behave
differently. Fig. 2.2(a) shows the case of a comparatively low value of n1 . Here
the fast and slow branches meet at a fast-slow mode conversion density given by:
Wpi W 2( W2
-n 1: 1+ n ( 1) (2.4))ceWci 11 WcCi
restricting access to higher density and thus the plasma interior. The mode con-
version density nF-s is plotted in Fig. 2.3(a). In general, larger magnetic fields
and hydrogen gas give greater accessability. Also, larger values of ng have access
to higher densities so that current driven plasmas tend to be low density, high
field, and in hydrogen gas to insure penetration of the low nil (high phase veloc-
ity) waves that are necessary to interact with high energy electrons. Fig. 2.3(b)
shows the contours of accessibility in the poloidal cross section of an Alcator C
plasma with typical current drive parameters [L3].
Fig. 2.2(b) shows the case of a comparatively high value of n11 . Here the
low and high density branches of the respective fast and slow waves, which were
seperate in Fig.2.2(a), have coalesed to permit unrestricted access of the slow
mode to the cold plasma lower hybrid resonance layer W2 h 2i/1+ W/Wce
(E2 = 0). For a given plasma density and magnetic field, the transition between
these two cases shown in Figs. 2.2(a) and 2.2(b) occures for (A - 4AoA 2 = 0):
nllacc = 1+ --
Wce 1 0 plasma center
such that all waves with nil > nlacc can reach the plasma center.
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FIGURE 2.2 - (a) The dispersion relationship given by Eq. 2.3 for Alcator plasma
parameters: B = 10T, n1l = 1.4, deuterium. (b) Same as (a) but with nF = 1.5.
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density profile with a line averaged density Of ne = 5.5X1013 CM-3, B = 10T on
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As these accessible waves appproach the lower hybrid layer, n -+ 00 since
Ezz = A2  0. The dispersion relation then becomes considerably simplified:
2 2 =0E,,fl± + zzfl 1 -
or
1 Mi 1/2k_= ki
(W2 - 2 )1/ 2
This is the electrostatic approximation (1k x El < Ik -fI) and is valid when
l| =ilj 2 < n2 . This condition is satisfied for lower hybrid waves with
n> 2 (i.e. essentially accessible waves). As k_ becomes large, w/krvt1 - 1 so
that finite temperature effects must be included.
2.3 Secondary Effects on Wave Propagation
As mentioned earlier, there are several mechanisms which can modify the sim-
ple slab model theory of lower hybrid wave propagation presented in the previous
section. These mechanisms include:
" Toroidal effects
" Density fluctuations
* Parametric effects.
" Reflections from corrugated vacuum chamber walls
These effects are not as well grounded as the basic slab model and so the under-
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(2.5)
standing of their exact role is still evolving.
The slab model implicitly assumes that each wave packet has an invariant
parallel wave number k1l. However, the effects of toroidal magnetic topology in a
tokamak can change this. Wave propagation can be cast in the form of Hamilton's
equations where the dispersion relation D(r, k, w) = 0, locally satisfied by the wave
packet, plays the role of the Hamiltonian, and the wave vector k plays the role of
the momentum 1B21. In this way, these equations describe the ray path of a wave
packet in much the same way that Hamilton's equations describe the path of a
particle. In toroidal geometry, the wave vector (kr, m, n) is canonically conjugate
to the normal pseudo-toroidal coordinates (r,0, 4). In an axisymmetric system,
dD/dO = 0 so that n is conserved. The usual components of the wave vector
are related to the poloidal and toroidal wave numbers m and n by ke = m/r and
k4 = n/R where R = Ro+r cos 6. Also, the parallel component of the wave number
is given (assuming Br/Be <1) by kil = (n/R) + (Be/B)(m/r) where the first term
is the toroidal contribution and the second term is the poloidal contribution that
arises because of a rotational transform. Due to the lack of cylindrical symmetry
(i.e. toroidal effects), the poloidal wave number m , and therefore the parallel
wave number k1l will undergo variations as the wave packet traverses the plasma.
For the cold electrostatic dispersion relation given by D = ki + c,k 2 = 0, the
variation in poloidal wave number with poloidal angle is given by 1B2]:
dm D/OG w2 1 - sinG
-d - / m kl!Roq(r) 1+ W2 1 + cos (2.6)
where q(r) = rBO/RoBe(r).
For waves launched from the outside midplane of the torus (8 = 0), dm/dO is
initially small. For waves propagating in the plasma current direction (n > 0, k1l >
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0), sin e is positive as 9 goes from 0 to 7r so that dm/dO is negative. Similarly, for
waves propagating against the plasma current (n < 0,kl1 < 0), sin 0 is negative
as 0 goes from 0 to -- r so that again, dm/dO is negative. Thus, waves launched
in either direction experience an initial decrease in m and h'ence nil during the
first half poloidal transit. This downshift can prevent the penetration of initially
accessible waves. However, for waves that do penetrate, this mechanism may
improve their current driving capacity since current drive depends on high phase
velocity wave acceleration of superthermal electrons. It has been found that this
case of well defined ray paths only exists for tokamaks with E < 0.1 (E = a/R).
For the more realistic case of E > 0.2, the ray paths exhibit an ergodic behavior.
This behavior can significantly affect the accessibility and energy deposition of the
incident waves and can often permit otherwise inaccessible waves to propagate to
the plasma center and damp [B2]. In particular, rays can bounce from the plasma
top or bottom edge of the plasma and then undergo an upshift in ni thereby
improving wave accessibility.
In the high density regime (ni, > 10 4 cm- 3), large levels of density fluctu-
ations (6n/n = 0.5) have been observed near the plasma edge of Alcator C and
these can scatter and thereby significantly affect the accessibility of incoming lower
hybrid waves [W2],[W3). The 900 scattering length is given by 101]:
11 3 wp, /(n C\
go. = 2/ 2 w 2 O (2.7)
where CO is the width of the density fluctuation k1 spectrum. For typical Alcator
C edge conditions and taking Co = 25cm- 1 [W2], loo. ~ 1cm suggesting the
possibility of lower hybrid waves scattering from such fluctuations. The kl1 of
these fluctuations is much smaller than k11o for the incident lower hybrid waves,
so the main effect is to rotate kLo in the poloidal plane. Magnetic shear then
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leads to the variation of k1 as a function of the radial position of the wave packet.
Assuming a cylindrical plasma model (n and m conserved), the variation in k1l is
given by [S4j:
We (a) a1ki(r)=kga)(1+ a )) (2.8)
w R q(a) q(r)
where a is the rotation angle and it was further assumed that the lower hybrid
waves propagate into the plasma starting from the plasma edge as electrostatic
electron plasma waves (k, = k 1wpe/w). The multiplicative term can enhance the
initial kg1 by a factor of two or three, leading to improved accessibility.
In addition toroidal effects can also play a role. An initially inaccessible
wave will remain in the low density regions of the plasma with small values of
poloidal wave numbers, m = 0. However, rotation of the perpendicular wave
vector will cause the wave to acquire a finite m which can then be shifted as the
wave propagates due to toroidal effects 'B2].
Parametric decay of the lower hybrid pump wave has been observed in Alcator
C using edge probes and CO2 laser scattering [TI]. Up to 30 % of the pump wave
power can decay into ion cyclotron sidebands at high densities (w/wh < 2). These
quasimodes are believed to be heavily ion-cyclotron damped at the plasma edge
giving rise to ion tail formation [F1],[T2]. The edge ion tail is quickly lost so
that parametric decay is a channel by which injected rf power is prevented from
penetrating the plasma interior. Significant scattering is evidenced by a broadened
pump wave spectrum. However, in the low density regime typical of current driven
plasmas (te < 10 1 4cm 3), there is little evidence of pump spectrum broadening.
In summary, in current driven plasmas, a toroidal upshift following a plasma
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edge bounce is believed to dominate wave accessibility.
2.4 Finite Temperature Effects
The cold plasma dispersion relation Eq. 2.2b predicts a resonance (k1 -+ oo)
at the lower hybrid layer w = Woh (E., = 0). However, as the lower hybrid wave
approaches this layer and k1 becomes large, the condition for the applicability
of cold plasma theory is violated and finite temperature efects must be included
[S5]. These effects manifest themselves as an additional term added onto the cold
plasma dispersion relation. Including cold electromagnetic and finite temperature
electrostatic effects gives [S3):
-anr + A 3nI + A 2ni + Ao = 0 (2.9)
where
3 u WP2, T" w2; T'a = -+ 3--'
4 wf m'c 2  w 2 mic 2
so that now there are three roots corresponding to the lower hybrid (slow) wave,
whistler (fast) wave, and the ion plasma wave. Near the cold lower hybrid reso-
nance, n 1 becomes large so that the dispersion relation reduces to:
-n4 2 n 2 = 0. (.0
-an_ + Ecln1 + c,,n= (2.10)
This is just the dispersion relation resulting from the full finite temperature
electrostatic approximation indicating the electrostatic character of the wave near
the lower hybrid resonance. The two roots of Eq. 2.10 correspond to the lower
hybrid wave and the ion plasma wave. The two solutions coalese at a density given
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by (C2 +t 4a 2nn = 0) 1P21:
2 = 2(2.11)
1 - W2 + 2nl 3 W+ 3 z i c(2 11
+ ,.flhiy 4 (w,w~1 )2 m~c2 - Zm,c 2
so that as the cold lower hybrid wave propagates in to the plasma it will mode
convert into a hot ion plasma wave, provided the mode conversion layer is present
in the plasma. Subsequently, the ion plasma wave will propagate radially outward.
This mode conversion process always occurs at a density below the cold electro-
static lower hybrid resonance density (w2 = 2 2* -= 2 /(l _ W 2 /weWci)) SO
that the wave will always turn around before reaching the cold resonance layer.
The finite temperature dispersion relation is plotted for three typical Al-
cator C cases in Fig. 2.4. A parabola-to-the-1/2-power density profile with
ne(a)/ne(O) = 0.1 and a gaussian temperature profile with a 1/e width of 12
cm is assumed. Figure 2.4(a) shows the case where the cold lower hybrid wave
is inaccessible to the plasma interior and mode converts into the whistler wave
thereby coming back out. Figure 2.4(b) shows the case where even though the
lower hybrid wave is completly accessibly to the plasma volume, the ion plasma
mode conversion layer is not present in the plasma. Finally, Fig. 2.4(c) shows
the case where the cold lower hybrid wave penetrates to the plasma interior and
undergoes mode conversion into the hot ion plasma wave. The lower hybrid-ion
plasma wave mode conversion density nLH-IP is plotted as a function of nil for
Te = 1.2 keV and Ti = IkeV in Fig. 2.5. In general, waves with larger values of
ni will mode convert at lower densities, and mode conversion will occur at lower
densities for higher magnetic fields and for smaller ion mass.
At the mode conversion layer, the dispersion relation for the two coalesed
branches is:
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Under typical plasma conditions for which mode conversion occurs, W/kLvti e
1 so that the warm ion plasma wave can undergo strong "perpendicular ion Landau
damping" (assuming unmagnitized ions or magnetized ions with stochastically
decorrelated orbits) or harmonic ion cyclotron damping IB3], K4} at the mode
conversion layer. For example, in the case of Fig. 2.4(c), w/kLvti = 2.6.
Waves with sufficiently large n1 can damp on electrons before they reach the
mode conversion layer provided c/nl1vt, < 3. Since c/nl vie decreases for increasing
temperature as the waves move into the plasma, if the ratio:
kWeT 2 47 ] '42
= 
2 n T e w W (2.13)( 2TII mec2  4 ~ 2 .
is less than one, then ion damping will dominate. Thus, since T,/mec2 < 1, then
if the mode conversion layer is present in the plasma and Te = Ti, most of the
input power will damp on ions, except for the waves with the largest values of n11.
If the mode conversion layer is not present in the plasma, and if the electron
temperature is high.enough, or if n1| is large enough so that w/kllvt, < 3, electron
heating due to electron Landau damping of the cold lower hybrid wave becomes
important. For an electron temperature of T, = 1.OkeV, then waves with n1l > 5
will damp on electrons. Electron heating will dominate over ion heating provided
Vie/Vti > k 1/k 1 or using Eq. 2.5 [P31:
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Te _____
T > - W2h (2.14)
Choosing w > 2wxh insures the mode conversion layer is well removed from the
plasma, and so electron heating dominates if:
- > 0.3.
Ti
This condition is satisfied in virtually all current experiments. This damping
mechanism will form a quasi-linear plateau on the electron distribution function
which then thermalizes with the bulk electrons. Bulk ion heating can also be
obtained via electron ion collisions provided the equilibration time is shorter than
the energy confinement time. Waves with very large values of ni can undergo
damping near the plasma edge where the electron temperature is lower, and these
electrons may be quickly lost from the plasma.
In addition, collisional damping can occur near the plasma edge where the
temperature is low but the density can still be high. This damping can be sig-
nificant for waves that spend a long time in the edge region [B2]. This power is
quickly lost and so edge absorbtion should be minimized. Thus, wave penetration
is enhanced by low edge densities and high edge temperatures.
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CHAPTER 3. LOWER HYBRID CURRENT DRIVE THEORY
This chapter describes the theoretical models of lower hybrid current drive
in magnetically confined plasmas. For a given spatial location, these plasmas can
generally be thought of as consisting of two seperate regions in velocity space. The
low energy region comprises the normal bulk Maxwellian energy distribution which
is characterized by the bulk temperature, and is generally not directly affected by
the injected lower hybrid waves. The reason for this, as mentioned in Chapter 2,
is that for current drive, the majority of the injected rf power is concentrated near
n1 ; 1 - 2, and Landau type wave-particle interaction occurs only for particles
with velocities v11 - c/n 1 which are well above typical thermal particle speeds.
Thus, the second velocity space region of interest in current drive is a high energy
electron tail which is produced by the strong rf fields.
This chapter is concerned primarily with predicting the actual shape of this
high energy electron tail distribution. The theory is also complete in that it covers
both regions allowing for a smooth transition between the high energy tail and the
bulk electron distributions. The first section explicitly developes the mathematical
formulation of the one dimensional analytic theory, thereby elucidating the major
physics issues. The second section then treats the more realistic two dimensional
case by presenting the results that arise from the numerical solutions of the relevant
equation. This permits an assessment of the significant differences between the
simple 1-D theory and the more complete theories. The final section discusses the
technique for, and gives the results of complete plasma modeling, including the
effects of ray tracing and transport for typical Alcator C current drive conditions.
3.1 One Dimensional and Quasi-Two Dimensional Theory
This section developments in detail the one (quasi-two) dimensional model
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used to describe the velocity space distribution of electrons in a current driven
plasma and uses this model to derive an analytic expression for the distribution
function itself [F2]. A somewhat simplified version of this distribution function is
then used to derive several quantities that are important experimentally such as
the amount of current driven, the rf power required to drive this current, and the
time required to reach a purely rf current driven steady state.
3.1.1 Quasi-Two Dimensional Model Distribution Function
The high energy tail electrons are described by the Vlasov equation, including
a Fokker-Planck collision operator [K61:
aF F q IxB' dF
+ - E + - - = C(F) (3.1)
+t -ox - C 9V
where F = F(vw, vII, r, z, t) is the electron probability distribution, q and m are the
electron charge and mass respectively, and B is the local magnetic field. Assume
that the change in the shape of F with r is ignorable. Since lower hybrid waves
are essentially electrostatic, the local magnetic field is just the ambient dc field
BO. Also, electron Landau damping acts via a resonance with the parallel com-
ponent of the wave phase velocity. Therefore, the non-Maxwellian distortion of
the electron distribution function is primarily in the parallel direction. The shape
in the perpendicular direction is due to pitch angle scattering by collisions which
tend to isotropize with the parallel electron tail. Since collisions normally lead
to a Maxwellian distribution of particles, a reasonable model electron distribution
function is:
F(vi, v., z, t) = 2 f(v1 ,z,t) (3.2)
Trv
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where vr 1 = 2Tht/m, and where the perpendicular tail temperature is a function
of vil, T1 t = Tit(vl1 ). Thus, integrating Eq. 3.1 over v1 gives:
af V f qEll af = C1 (F). (3.3)
at az m avyl
Equation 3.3 can be solved order-by-order by expanding f = fo(vll,t) +
f(z,v i, t), Ell = Eo + E. The first order solution represents the high frequency
oscillations (~ wpe) that constitute the cold plasma lower hybrid waves in question
and is given by:
af+ VI Lf- + qE o= 0. (3.4)
at v z m 4v
These waves are driven by the zero order distribution function which is evolv-
ing due to rf and collisional diffusion of the electrons. However, the time scale
for this evolution is vcollision (< WPe) so that the waves oscillate within a station-
ary fo. This is the key element of the "quasi-linear" approximation. The high
frequency wave equation can be Fourier-Laplace transformed to give:
fkW = -tE 1 fO (3.5)
m w - kllv11 av1
The zero order equation comes from ensemble (spatial) averaging of the Vlasov
equation (3.3):
fo+ qEo Ofo a q
a+ -+ Z0 =C(IF 3.
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In order to find (Ef), Z and I can be expressed in terms of their fourier
transforms as:
Z = dk1 eikhz k (3.7a)
= f dk,, eik z A (3.7b)
so that
9 Zq _ q J dki dk 1 (ei(k,+k, )z) kIlk D= af 019vi M avll m (27r)2 j al
where
D-L = k 1  (3.8)M L 27r w - ke v
and where Eq. 3.5 and the fact that (e i(k +k'I)z) = 2ir6(k1 + k') have been used.
Also note that the integration path is the usual Landau contour IS31. The quasi-
linear diffusion coefficient acts as a velocity space equivalent to the launced Fourier
power spectrum due to the nearly delta function like one-to-one correspondence
between the electron velocity v1j, and wave phase velocity w/k brought on by
the resonance denominator. In this way both the degree of rf diffusion and the
region of electron velocity space affected by resonant wave-partice interaction can
be controlled by the input power level (DQL oc !E., 2), and by tailoring the
Fourier power spectrum, respectively.
In order to calculate C (F), we integrate the Coulomb collision operator for
test particles a colliding on Maxwellian field particles 0 over v 1 . The terms that
survive are given by [T31:
- [D/p4Fa F F D F* (3.9)Cc" (F.) a hD" - -F. + D 1  (v3.)Vv. (V mc,
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where
- 2 LG G(x) - (3.10a)
MCC 2irmv v 47rmpv 1
- 3 -1(() - 3G(x)] - Lp V2 (3.10b)
87rv 87rv II
= L'6 [V2 (Ox) - G(x)) + 2V2 G(x) ] ;z V 2P 31c1111 8irV3  87rv 3  Tv~~] 3lcI!
(47rqOq,6) 2 np In A,,,
L 2 (3.11)
mot
The approximate second forms of the preceeding terms arise from the assumption
that X = v/VTO, I VI/VTO > 1 so that:
4(O) = 2 e- Pdt - 1
and
G(x) - O(x) - xk'(x) 1
2x 2  2x 2
Thus, application of the perpendicular integral fo 27rvidvj, and assuming
a test particle distribution of the form of Eq. 3.2, results in:
Cao(F,) = ---- [(1 + -)v 1 f.(vt)+ (V20 + v) )) (3.12)47r aV1! v3 m8 2V
where
2 2T0  2 2TL,(vI)
The total parallel collision operator then arrises from high energy tail electrons
colliding on both bulk electrons and ions such that CII(F) = Cte(fo) + Ct(fo).
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Thus, evaluating this from Eq. 3.12 and substituting it along with Eq. 3.8 into
Eq. 3.6 gives the final equation which describes the time evolution of the zero
order quasi-two dimensional tail electron distribution function:
afo - eEo afo + afc 0 2 2 + 1 vII Of0
at M vi D + v(v11) {vflfo- -[ + 2
where (3.13)
V(v 1) = io (V
2 2TVT- 
me
W 4InAte Z
vo0=P 3 a, a=1+ -27rneVT, 2
2 2T1t(v11 )
It=
and where Z is the ion charge state.
The physical meaning of each term is clear: the first term is the electron
acceleration due to the applied OH electric field, the second term is the tail elec-
tron parallel diffusion due to the applied rf fields, and the third term describes
collisional effects. This term includes the effects of collisional drag, and parallel
and perpendicular diffusion.
An analytic form of the steady-state solution can be found by simply setting
afo/at = 0 in which case Eq. 3.13 can be readily solved:
w
fo(v ) = Co exp (+ ) 3 d), w = T (3.14)
0
where
eEo
meV 0V2'
D(x) = DQL p(x)=-- Z + 1+ T.(vIT
I/JV 2 2a 2 Te 2
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Figure 3.1(c) shows fo(vj) and Fig. 3.1(d) shows a contour plot of F(v,vll)
for an assumed quasi-linear diffusion coefficient and perpendicular temperature,
and for no applied electric field. The assumed analytic form of the quasilinear rf
diffusion coefficient is D(w) = exp- L where A = W2 - wl. The function
D(w) in Fig. 3.1(a) used values of wo, wl, and w2 which give a diffusion coefficient
centered at 128 ± 96 keV. This corresponds to a launched power spectrum with nil
centered at 1.4 and in the range 1.1 < n < 3.0. In this range, the exponential term
of Eq. 3.14 is constant giving the plateau shape of Fig. 3.1(a). The perpendicular
temperature starts at the thermal value of 2 keV, rises to, and saturates at 15 times
the thermal value in the resonance region, and finally falls back to the thermal
level beyond the resonance region. The endpoints of the saturation region are
chosen to correspond to the resonance region defined by D(w) > 1. This behavior
is motivated by both experimental, and full 2-D theoretical results; in any case,
it does not greatly affect the 1-D distribution function. The one dimensional
distribution function is thermal up to about 10 keV and exhibits a plateau from
about 40 to 500 keV with an interconnecting transition region, and then finally
slides back into a thermal distribution beyond the plateau. This behavior is typical
of lower hybrid current driven electron distribution functions. The plateau appears
asymmetrically on one side of the v11 velocity space due to the asymmetry of the
launched rf power spectrum as discussed in Chapter 2 and thus leads to a net
generation of plasma current.
3.1.2 Experimentally Important Quantites
An examination of Fig. 3.1(c) shows that the parallel electron distribution
function naturally divides itself into three regions. The first region is the low veloc-
ity bulk Maxwellian. The shape of the distribution function in this region is deter-
mined only by collisional relaxation since waves with phase velocities vph/VTe < 2.4
are strongly absorbed by electron Landau damping. In this non-resonant region,
which extends up to the lower bound of the region affected by the quasilinear
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FIGURE 3.1 - (a) The assumed normalized lower hybrid wave spectrum quasi-
linear diffusion coefficient used as input in the solution of Eq. 3.13. (b) The
assumed perpendicular temperature used as input in the solution of Eq. 3.13. A
bulk temperature of 3.5 keV is also assumed.
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FIGURE 3.1 - (c) The parallel electron distribution function resulting from the
solution of Eq. 3.13 using the input of Fig. 3.1(a) and (b), and assuming Zeg = 3
and ne = 104 cm- 3 . (d) A contour plot of the solution to Eq. 3.13 using the
parameters given in Fig. 3.1(a),(b), and (c).
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diffusion coefficient w = w1 , D = 0 and T1 = Te so that p = 1/2 and from Eq.
3.14:
fo(w) = Coexp(- j -dx) = Coe' . (3.15a)
S1/2
Assuming that the majority of the electrons exist in this non-resonant region, the
normalization constant is the same as for a Maxwellian, Co = 1/7.
The second region is dominated by strong resonant rf diffusion which transfers
energy from the waves to resonant particles in the resonance region thereby flat-
tening the distribution function. This region exists over the range of wave phase
velocities determined by the initial launched n1l power spectrum and is defined as
w1 < w < w2 . For strong enough rf diffusion (D > 1) the solution in this region
is given by Eq. 3.14 as:
fo(w) = constant = (3.15b)
where the constant was chosen to insure continuity of the solution at w = wl.
The third region is another non-resonant region w > w2. Its shape is deter-
mined by collisional relaxation of the plateau back to a Maxwellian at very high
velocities w > w 2 -
Due to the velocity space asymmetry of the plateau, a net current is carried
by the plasma:
50
I
Jo a enev 2 e
e~" w1 - w
w fo(w)dw = enleVre .
If JO is taken as the central peak value of the current density in a cylindrical
plasma of radius a, then for a gaussian shaped profile with a 1/e width of aj the
total current is:
I, = 7raJo1 - ~ (3.17)
For example, for aj = 12cm, ne = 1014 cm- 3 , T = 3.5keV, a = 16.5cm, and
1.1 < n 5 3.0, then 4, = 94 kA.
The rf power density required to maintain the plateau is equal to the rate of
change of the kinetic energy of the resonant electrons:
V 11 m nev 2fo
Prf = .i 2 d (3.18a)
The resonant distribution function evolves in time due to particle diffusion induced
by the rf power which in the steady state is then collisionally dissipated so that:
a s afo afo
Substituting this expression into Eq. 3.18a gives:
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(3.16)
IW2 22 i af(W) menevTiVo -& W 2
Plf = -meVieVO w - dw = e 'in - (3.18)
where the last expression was obtained by integration by parts and then by using
Eq. 3.14 with D > 1. Again taking a gaussian power deposition profile, the total
required rf power in a tokamak of major radius R is:
Pt.t = Pf(7rap)(27rR)11 - e-/ r, (3.19)
and so for the same parameters as before and for Zeff = 3 and R = 64 cm, one
obtains Pt0 t - 400kW.
For purposes of comparison between theory and experiment, it is useful to
define a macroscopic figure of merit for current drive as 7 = n,,R/PRtot. Using
equations 3.16 and 3.19, Y7 may be cast into the following convenient form:
ne[10 1 4cm-units]I,[MA]R[m] _ 0.52 ~ ' - #1
77 Pt[MW1  aA ln(n111/n 12 ) (3.20)
where A = In A/15. Again, for the same parameters as before, r7 = 0.15. Note that
r7 depends only on the n1l power spectrum and Z so that an experimental plot of
I/Pot should behave as 1/n, and a plot of Ipn, should be linear in Ptrt. Figure
3.2 [P4] shows this to be indeed the case, and in fact the resulting figure of merit,
r1 = 0.12, is very similar to the theoretical value although, a detailed comparison
can only be made after considerations such as ray tracing and transport.
A microscopic figure of merit can also be defined as J/Pd where i and Pd are
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normalized as J = Jo/neevTe and Pd = Ptt/mencevo. Again using equations
3.16 and 3.19, the resulting expression is:
W 2 _W2
2- (w2 ) (3.21a)
pd 21n(w 2 /Wi)
and for the above parameters J/Pd = 27. The two figures of merit are related by:
J A a
- = 
2 5 0 r 
.e (3.21b)
Pd T,[keVI
A finite amount of time is required to form a quasilinear plateau after the rf
power is injected into the plasma. When rf waves are excited in the plasma, elec-
trons are quasilinearly diffused from the non-resonant bulk maxwellian region into
the resonance region. As particles diffuse, according to Eq.3.13, the distribution
function evolves as:
afo(w,r) + S(w,r) =0
ar aw
where
S(,T=DfO 1 ( 010S(w,r)=D -+ wfo + p-aw w;3 1 ,W
and where S(w, r) is the flux of particles in velocity space at time r = tWo. At
the instant the rf fields are turned on, the boundary between the resonant and
non-resonant regions at w = w, is affected in such a way that particles flow in
velocity space as:
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dS(wr) S(wi)
9w Aw 2 -w .
S(wi) can be estimated from the zero order solution to the quasilinear equa-
tion at w = w+. In the resonance region fo is independent of w giving S(wi) =
fo(wi, r)/wI . Substituting this into the continuity equation, subject to the bound-
ary condition that fo(wi, oc) = fo(0,r) exp(-w2), which is assumed to be con-
stant, gives:
afo(wij,) fo(wi,T) fo(Or)e-'
with the solution
fo(wl,r) = fo(wi,0)e~ I + fo(O,Tr)e~' (1 -e-'/A )
Thus, the plateau turn-on time is:
Tto = A w2 or tto = Tt /VO = _ w" MS. (3.22)
acAn in,[1014 cm-3(
Again, for the previous parameters, tt, = 0.28 ms so that in general, the plateau is
fully developed in times short compared to typical energy (n 10ms) and partical
confinement times. Thus, at least locally, a truly steady state is reached relatively
quickly.
3.2 Two Dimensional Theory
The derivation of a non-relativistic Fokker-Planck equation which governs
the evolution of the two dimensional distribution function in current drive is very
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similar to that for the one dimensional case. Consequently, the form of the equation
is identical to that of Eq. (3.13). This is due to the fact that even though the
full two dimensional distribution function is being used, both the applied OH
acceleration and the rf quasilinear diffusion still act only in the parallel direction.
Thus, the only change that occures in Eq. (3.13) in going to the 2-D model is the
retention of the complete two dimensional collision operator.
To calculate the 2-D collision operator, we begin with the complete polar
form, again for test particles a on field particles 0 [T3]:
1 8 F2 I a 2D'(F.) = - F, + D*0 + 2 L(Fa)
v 2 aV mI dv V2 (3.23)
where
F _01, L,,,emc Lop m,
- Lm 2 W* iz - v2  (3.24a)MO, 27rmp VTI 4rmo V2
Dap = -Lot G(x) L,, v (3.24b)1 4x)v 8rv3
D = L () - (3.24c)L 8iv [8x) vx] j
1 8L = -1 - A2) - (3.24d)
2 ap ap
A = !-, Fc = Fa(V, A)V
and where LcO, O(x), and G(x) are the same as in the one dimensional case.
Substitution of these expressions into Eq. (3.23) then gives:
C,6(Fa) = , { F, + VTP aFQ ] + [ Lv(F,). (3.25)47r V28 a MO 2v av V3
56
The total collision operator again results from high energy tail electrons col-
liding with both bulk electrons and ions. Thus, evaluating this from Eq. (3.25)
and substituting it into the quasilinear equation gives:
dFdD( dF Z+1 8( )8F 1 8 [idEF 8F
- =a- D(w)-- + 
-(1 -1 -- + + F +O- (3.26)T'r aw aW Au3 T, +p 22g a
where
VU =--, F = flu,pu)
VTe FFu~
and where all the other variables are the same as in the one dimensional case
except that U012-D = voII-D/a.
This is a three dimensional partial differential equation which can be solved by
a standard numerical technique such as the Crank-Nicholson method [C3]. This
has been done by Karney and Fisch [K61. As can be seen in Fig. 3.3(b), the
general shape of the full 2-D solution is very similar to the quasi 2-D solution.
Also, the parallel distribution function resulting from the 2-D solution, shown in
Fig. 3.3(a), is virtually identical to the 1-D parallel distribution function.
There is also essentially no difference between the current resulting from ei-
ther the 2-D or the 1-D solution. This is due to the fact that it is the parallel
distribution function which carries the current and as noted before, the two par-
allel solutions are nearly identical. However, J//'d as a function of ( 2 ) for the
2-D and 1-D cases shows a marked difference. Even though the 2-D solution is
linear in (w2) as is the 1-D solution (Eq. 3.21a), the slope is 1.7 times greater in
the 2-D case than in the l-D case [K61. The reason for this is that even though
the current is carried only by electrons traveling in the parallel direction, the rf
power is collisionally dissipated by electrons moving in all directions in velocity
space. Thus, the high energy perpendicular tail which is included in the 2-D case
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but ignored in the 1-D case causes the net collisionality of the 2-D tail to be lower.
This decreased collisional dissipation of the incident power causes all the figures
of merit to be 1.7 times greater in the 2-D case than in the 1-D case.
The plateau formation time is even more significantly affected than the dis-
sipated power in that not only has the constant of proportionality changed, but
so has the functional dependence in going from the 1-D to the 2-D case. The
normalized turn-on time rTt is an approximately linear function of A'/ 2 w' with a
slope of 6. Thus, the actual 2-D turn-on time is given by:
r iV- .I ~kVI
19.7[1- - -- ]'T t[keV]'4
or tto = rt/lvo = n112 ni, ins. (3.27)
aAn2 n,[1014cm-3
Equation 3.27 typically represents a significantly longer turn-on time that
in the 1-D case. For example, for the previously used parameters tto = 0.92ms
which is roughly three times the 1-D value. The reason for this is that in the 1-D
case, parallel rf diffusion is competing only with parallel collisional isotropization
during the plateau formation, whereas in the 2-D case, parallel rf diffusion must
overcome both parallel and perpendicular collisional relaxation and this requires
substantially more time.
3.3 Computer Code Modeling of Current Drive
Bonoli and Englade have developed a computer model for lower hybrid cur-
rent drive which combines a radial transport code, a Fokker-Planck solver, and
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a toroidal ray tracing code [B53. The transport code is one dimensional in the
radial direction and solves conservation equations for the time evolution of the
bulk plasma quantities O(r), Te(r), and Ti(r) where ao/ar = Be. The plasma
density is held constant in time. The ion thermal conductivity is taken to be three
to five times the neoclassical value and the electron thermal conductivity is taken
to be of the form X, oc Bea/rn "TemO2 fC2j.
The quasilinear equation describing the parallel electron distribution func-
tion is obtained by integrating the relativistically correct two dimensional Fokker-
Planck equation [M1] over perpendicular momentum p_. A distribution function
of the form of Eq. 3.2 is assumed but it is cast in momentum space rather than ve-
locity space. In the resonance region, the perpendicular tail temperature is taken
to be T1 = 5 T and in the low energy non-resonance region, Ti is infered from
numerical simulations [W41. The quasilinear equation is solved at each plasma
radius by assuming a steady state, aFet = 0, so that both transient effects and
phenomena due to the spatial diffusion of rf generated current are ignored. A phe-
nomenological plateau electron confinement time, 7L, is included in the analysis.
Toroidal ray tracing has been discused in Chapter 2. In the Bonoli- Englade
code, the launched power spectrum is divided into fifty to seventy-five components
which are then individually tracked, thereby building up a power spectrum at each
radial position. As the rays propagate through the plasma, resonant wave damping
and nonresonant collisional damping of the ray is calculated in each of forty radial
zones. Power deposition profiles are then built up by summing the losses of all the
rays in each zone.
Figure 3.4 shows the results of a particular current drive simulation. Plotted
in Fig. 3.4(a) is the rf power deposition profile. Figure 3.4(b) shows the result-
ing toroidal current. Plotted in Fig. 3.4(c) is the radial profile of the parallel
distribution function for 100 keV electrons. The profile shape is the same for all
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electron energies except at the high energy end of the resonance region. The pa-
rameters used were those typical of experiments performed on Alcator C and are
given by: ft = 4x10 13 cm- 3 , Zeff = 1.5, deuterium, BT = 10 T, w/27r = 4.6 GHz,
PRF = 500kW, a = 16.5cm, and Ro = 64cm. The code was run without rf
fields and with zero impressed loop voltage until a steadily decaying discharge
with I4 = 180kA was obtained, at which point the rf fields were turned on. In
the code, the Brambilla power spectrum shown in Fig. 2.1 with 7r/2 phasing was
used. As can be seen, the rf power deposition profile and the corresponding elec-
tron distribution function (at the particular energy, El, = 100 keV) and current
profiles are peaked within 5-10 cm of the plasma center. The hollowness of the
profiles is due to the fact that the rf power is not deposited on axis and that finite
plasma resistive diffusion of the current profile is ignored. Presumably, in reality
the hollow gap is filled in. Figure 3.4(d) again shows the characteristic behavior of
a current driven high energy electron distribution function exhibiting a very flat
plateau out to 400-500 keV.
One typical feature of these simulations is that waves will propagate through
the plasma volume and then experience a sharp up-shift in nil and subsequently
Landau damp. This is due to toroidal effects on wave ray propagation. In this
way, the low phase velocity region of the quasi-linear diffusion coefficient, which is
initially devoid of power, is filled in. For example, waves launched with nil = 2.0
will undergo an upshift and damp with nil = 5.5. The presence of significant power
at low phase velocities leads to a strong interaction with bulk electrons thereby
determining the level of the plateau. On the other hand, the maximum energy
to which the plateau extends is directly related to accessibility as discussed in
Chapter 2.
For the plasma parameters used here, the resulting figure of merit is: r7 =
0.144 which is in good agreement with the experimental value of 0.12. In addition,
the theoretical figure of merit at 8 tesla and otherwise similar plasma parameters
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FIGURE 3.4 - (a) The rf power deposition profile resulting from the current drive
simulation discussed in the text. (b) The rf driven current density profile resulting
from the current drive simulation discussed in the text.
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is 0.112 compared to the experimental value of 0.08. Thus, not only are the actual
numbers in reasonable agreement, but both the theoretical and the experimental
figures of merit increase with magnetic field
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CHAPTER 4. SODIUM IODIDE SCINTILLATOR SPECTROSCOPY
This chapter describes in some detail sodium iodide scintillator spectroscopy
as it applies to the experiments performed here. The first section gives the mo-
tivation as to why sodium iodide is the best choice of the various spectroscopic
techniques available. Subsequent sections explain the operation of each element
of a sodium iodide spectroscopic system as it occurs sequentially in the signal
chain from incident x-ray to computer data handling. The last section provides
a summary and review by explaining how these elements are integrated together
to form a complete x-ray energy spectroscopy unit. Although it is the intent of
this chapter to discuss sodium iodide spectroscopy as it relates to the work done
here, because this technique is used extensively in x-ray and gamma ray energy
measurements, much of the discussion is of a general nature.
4.1 Selection of a Sodium Iodide X-ray Detector
The function of any x-ray spectroscopic detector is the determination of the
spectral distribution of x-ray energies in a given x-radiation field. To do this the
detector must be able to completely absorb the full energy of the most energetic
photon incident on it. The energy range of the photons typically emitted by
a plasma during lower hybrid current drive experiments is from a few keV up
to nearly one MeV. Of the various microscopic mechanisms by which photons
interact with matter, in this energy range only two are important. They are
photoelectric absorbtion and Compton scattering. The macroscopic cross sections
(interaction probability per unit distance) for both of these processes are shown
in Fig. 4.1(a) [W1]. As can be seen, photoelectric absorbtion is predominant for
low energy x-rays (up to a few hundred keV), and Compton scattering is more
probable for higher energy x-rays (from several hundred keV to a few MeV). Both
photoelectric absorbtion and Compton scattering transfer some fraction of energy
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from the incident x-ray to electrons within the detector. These electrons typically
travel a very short distance in the detector (less than 2 mm) and it is their full
kinetic energy that is actually measured. Hence, the goal of determining the x-ray
spectral energy distribution is best met by a detector that maximizes the transfer
of energy from the incident x-ray to detector electrons. For reasons detailed below,
in the x-ray energy range of interest, a sodium iodide (Nal) crystal detector offers
the most efficient energy transfer of any x-ray spectroscopic material available.
4.1.1 Photoelectric Absorbtion
Photoelectric absorbtion is an interaction in which the incident x-ray disap-
pears and in its place a photoelectron is produced from one of the atomic shells
of the absorber atom. The kinetic energy of the ejected electron is given by
EC = E 1^ - Eb, where El, is the incident photon energy and Eb is the binding
energy of the electron in its original atomic shell. This process is sketched in Fig.
4-1(b). For x-ray energies of interest here, the photoelectron is most likely to
emerge from the K shell, for which typical binding energies range from a few keV
for low Z materials to tens of keV for materials with higher values of Z.
The vacancy which is created in the electron shell as a result of photoelectron
emission is quickly filled by atomic electron rearrangement. In the process, the
binding energy is liberated either in the form a characteristic x-ray cascade or
an Auger electron (direct emission of a less tightly bound outer shell electron).
Characteristic x-rays are emitted following photoelectric absorbtion in iodine over
80% of the time and will generally travel up to a millimeter before being absorbed
through photoelectric interactions with less tightly bound outer atomic shell elec-
trons. Auger electrons have an extremely short range due to their low energy.
Thus, the effect of photoelectric absorbtion is the liberation of a photoelec-
tron, which carries off most of the incident x-ray energy, together with one or
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more low energy electrons with energy equal to the atomic binding energy of the
photoelectron. Therefore. unless the photoelectric absorbtion occures close to the
detector surface, the full energy of the original incident x-ray is completely con-
verted into detector electron kinetic energy which, as mentioned abovecan be
measured directly. Photoelectric absorbtion is therefore the most desirable inter-
action for measuring the energy of a given x-ray.
This process is enhanced for absorber materials of high atomic number Z. The
probability per atom of photoelectric absorbtion for x-ray energies of interest here
is given roughly as r oc Z/E3 [E1[ where the exponent n varies between 4 and 5.
This severe dependence of the photoelectric absorbtion probability on the atomic
number of the absorber makes high Z detector materials very desirable. This is
also a primary reason (in addition to density) for the preponderance of high Z
materials, such as lead, in x-ray shielding.
4.1.2 Compton Scattering
Compton scattering is an interaction in which the incident x-ray disappears
and in its place a recoil electron and scattered x-ray photon are produced. The
energy of the original x-ray is equal to the sum of the recoil electron and scattered
photon energies. The division of energy between the two products depends on the
scattering angle as sketched in Fig. 4.1(c). The energy of the scattered x-ray E'
is given in terms of the incident x-ray energy E., and the scattering angle 9 by
E' = j (4.1)
1+ 2(1 + Cos 0)
where EO is the rest mass energy of an electron (511 keV) [El]. The energy of the
recoil electron E, is therefore:
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(1 - COS 0)-Ee = E E',E[Y = E, E0 (4.2)
1 + E-y (1 _ COS 0)
The possible interactions can range from a grazing angle scatter (6 = 0) where
E'= E and Ee = 0 to a head on collision (6 = 7r) in which case:
1 + 2E (43)
Ee jt=rEj [i ' (4.4)
.1 0
Since all scattering angles can occur in the detector, a continuum of energies
will be transfered to the recoil electrons even for a monoenergetic source of x-rays.
The distribution of recoil electron energies is known as the Compton continuum,
and its general shape based on the Klein-Nishina cross section [Ki] for Compton
scattering is sketched in Fig. 4.2(a) [Si]. The detector actually measures the
kinetic energy of electrons within its volume so that if, for a distribution of incident
x-ray energies, the only interaction were single Compton scatters, the measured
energy distribution would be an integral superposition of Compton continua. This
would make the determination of the original x-ray energy distribution extreemly
difficult. To avoid this problem a detector large enough to reabsorb all Compton
scattered photons must be used. This reabsorbtion will involve some combination
of secondary Compton scatters and finally, because it becomes more probable
with lower photon energy following each Compton scatter, it will terminate with
photoelectric absorbtion. Under these conditions the full incident x-ray energy
will eventually be deposited in the detector volume in the form of electron kinetic
energy. Also, even though the actual path of a typical incident photon may be
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rather torturous, as illustrated in Fig. 4.2(b) [K2], since the incident and all
subsequently scattered x-rays travel at the speed of light, the total time required
for the energy transfer is less than a nanosecond. This is substantially less than the
inherant response time of virtually all x-ray detector materials. Thus, provided a
detector is large enough, its response to an incident photon will be the the same
as if the photon had undergone a simple photoelectric absorbtion in a single step
regardless of the complexity of its true history.
In order to quantitatively determine the necessary detector size for full energy
absorbtion, a useful concept known as the photofraction can be defined. The
photofraction is the fraction of photons incident on a detector that deposit their
full energy in the detector either by true photoelectric absorbtion or by a pseudo-
photoelectric absorbtion described above. Figure 4.2(c) shows the photofraction
for two solid cylindrical NaI detectors for monoenergetic radiation incident on one
end of the detector as a function of x-ray energy (the photofraction is only weakly
dependent on the diameter of the detector) IK31. The photofraction is over 0.70
for photon energies up to 200 keV and over 0.9 for photon energies up to 500 keV
for the 0.5 cm and the 7.62 cm detectors, respectively. Also shown is the total
interaction probability for each detector size. This, together with the fact that
the x-ray energy distribution emitted by the plasma is exponentially enhanced at
low x-ray energies, indicates that there should be very little spectral distortion of
the measurements made of plasma x-ray emission using the detectors discussed in
more detail in Chapters 5 and 6.
4.1.3 Detector Resolution
The better the resolution of a detector, the better its capacity to discern fine
details in a measured x-ray energy distribution. In a plasma, these fine details
usually take the form of narrowly spaced (in energy) discrete groups of nearly mo-
noenergetic x-rays that result from atomic electron shell transitions in partially
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FIGURE 4.1 - (a) Total interaction cross-section (interaction probability per unit
distance) for photoelectric absorbtion and Compton scattering. (b) Schematic di-
agram of photoelectric absorbtion. (c) Schematic diagram of Compton scattering.
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ionized atoms. Because of the appearance of measured data from this type of dis-
tribution (discrete vertical lines), this type of radiation is known as line radiation.
Although Nal detectors are among the most efficient x-ray detectors avail-
able, they also have some of the poorest values of resolution as detailed below.
However, unlike lower energy line radiation, the higher energy x-ray emission
from a lower hybrid current driven plasmas is virtually exclusively produced by
bremsstrahlung. The x-ray energy distribution resulting from bremsstrahlung
emission from a plasma generally has a smooth shape with x-ray intensity falling
off exponentially with photon energy. Therefore, the most important information
to be derived from such a distribution is the absolute level of the emission and the
slope (as measured from a semi-log plot) of the intensity. A Nal detector is well
suited to determine both of these quantities.
However, poor resolution is not completely without detrimental effects. If
a detector has sufficient resolution to discern fine structure in an x-ray energy
distribution that occures over an energy range of AE, then the x-ray intensity
can be accurately measured only for photons with energy approximately greater
than AE. The typical resolving power of the Nal crystals used to make the
perpendicular emission measurements described in Chapter 5 places a lower bound
of about 10 keV on the minimum x-ray energy that can be accurately measured.
4.1.4 Summary
Based on the above discussion, it is clear that to insure full x-ray energy ab-
sorbtion, and therefore to avoid spectral distortions, any detector material should
maximize photoelectric absorbtion by the use of high Z materials, and it should
be available in large enough volumes to insure a large total interaction probability
and to reabsorb any Compton scattered photons. Also, in general, the macroscopic
cross section for any interaction is proportional to the number density of the tar-
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get particle. Therefore, full x-ray energy absorbtion is enhanced with the use of a
dense detector material. Nal is by far the x-ray spectroscopy material that best
meets these criteria. It does suffer from rather poor resolution compared to other
types of detectors, but for measuring high energy bremsstrahlung emission from
lower hybrid current driven plasmas, this is not an overly significant drawback.
4.2 NaI(TI) Crystal Properties
Sodium Iodide is used in solid crystalline form as an x-ray spectrometer. Large
ingots can be grown from high purity Nal to which about 10-3 molar fraction of
thallium. has been added as an activator. The quantum mechanical electron energy
level structure, indigenous to solid state materials, is shown in Fig. 4.3(a). There
is a valence band, in which electrons are bound to atomic lattice sites, and a
conduction band, in which electrons are free to roam about the crystal, separated
by a forbidden band in which no electrons are found, at least in pure material.
The addition of impurities fills in the forbidden band with the single atom energy
levels of the impurity itself.
When an incident high energy x-ray enters the crystal, it transfers its en-
ergy to crystal electrons by the interactions described above. The electrons are
boosted from the valence band of the unexcited crystal into the conduction band
leaving behind an equal number of holes. Without the actvator impurity atoms,
the excited electrons would simply drop directly back into the valence band and
recombine with the holes thereby each liberating a photon with an energy close
to the bandgap energy. The gap width is such that the resulting photon would
have an energy well above the visible range. This would make it impossible to
use a subsequent photomultiplier tube, which would in turn destroy the viability
of NaI spectroscopy. Furthermore, there are actually more efficient competing
deexcitation modes available to the excited electrons which would make the yield
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of photons extreemly small. On the other hand, with the activator present, the
positive holes will quickly drift to the activator sites and ionize them (since the
ionization energy of the impurity will be less than that of a typical lattice site).
The electrons meanwhile are free to migrate through the crystal and will do so
until they encounter such ionized activators. At this point, the electrons can re-
combine with the ionized activators, resulting in neutral impurity atoms in an
excited state. Deexcitation will occur very rapidly and with high probability for
emission of a corresponding photon from each atom. If the activator is properly
chosen, the emitted photon will be in the visible range. Typical half lives for these
excitated states on on the order of 10-7 sec, with the migration times being much
shorter so that all the excited impurity atoms are formed simultaneously.
Therefore, it is the decay time of these states that determines the time char-
acteristics of the emitted scintillation light. There are three primary decay times
associated with excited thallium states in NaI which each occur with a specific
fractional probability. They are 230 nsec (69%), 1100 nsec (20%), and 0.15 sec
(9%) [K4]. The last decay time is known as afterglow. It arises when an excited
thallium atom is formed such that the excited electron is in a state to which all
deenergizing transitions are forbidden. In this case the electron must be thermally
boosted to an incrementally higher energy state before deexcitation can occur.
This process requires a much longer time than direct deexcitation. Sometimes 400
nsec, which is roughly the weighted average of the first two decay times, is quoted
as the single Nal decay time.
The emission spectrum of the scintillation light from NaI is shown in Fig.
4.3(b) [H1] along with the emission spectrum of several other types of scintillators.
Also shown is the spectral response of typical photomultiplier tubes to which
the scintillation light is sent. Note that the Nal emission and photomultiplier
tube response are well matched spectrally, which is required for efficient signal
transmission. The center wavelength of the emitted scintillation light is 410 nm
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which corresponds to a photon energy of 3 eV and is in the blue region of the
visible light spectrum. The crystal is completely transparent to this light.
Even with impurity atoms present, there are actually other modes than the
one described above for the deexcitation of conduction band electrons in NaL.
These competing effects again do not lead to the emission of light. Various ex-
perimental determinations have shown that the absolute scintillation efficiency- of
thallium activated sodium iodide is about 13%. This means that 13% of the energy
of an incident x-ray is ultimately converted into scintillation light. For example,
a 100 keV x-ray should yield 13 keV in total light energy, or about 4333 blue
photons at 3 eV per photon (410 nm). The scintillation efficiency varies slightly
as a function of incident x-ray energy but, as shown in Fig. 4.3(c), the conversion
response is still very close to linear jZli.
The Nal crystal is surrounded by an efficient optical reflector on all sides but
one. The reflector usually used (and used in the experiments here) is packed MgO
powder, which is a diffuse reflector. The unreflected side is usually the circular
face of a cylindrical crystal, opposite to the face through which the incident x-rays
enter. This face may be either connected directly to the entrance window of the
following photomultiplier tube (Chapter 5, perpindicular measurements) or to an
intermediate section of fiber-optic light guide (Chapter 6, angular measurements).
Both schemes use some optical coupling compound at all interfaces. For a cylin-
drical crystal whose length and diameter are about equal, roughly two thirds of
the scintillation light produced makes it out of the crystal. Finally, note that the
total number of photons leaving the crystal is linearly proportional to the original
x-ray energy.
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FIGURE 4.3 - (a) Schematic diagram of the quantum mechanical level structure
of activated crystalline semi-conductor material. (b) Scintillation light spectral
distribution from Nal and spectral sensitivity of PMT photocathode. (c) Relative
scintillation light output as a function of incident photon energy.
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4.3 Photomultiplier Tube Properties and Pulse Processing
A photomultiplier tube (PMT) consists primarily of a photocathode, a string
of dynodes held at increasingly higher voltage by a voltage divider circuit, and
an anode, all inside a vacuum tight glass container. A coupling capacitor (for the
plus high voltage mode used here), and a load resistor follow the anode. Two
schematic diagrams are shown in Fig. 4.4.
The photocathode is a photoelectric material such that when a photon of en-
ergy greater than the work function strikes it, there is a certain probability for the
emission of a single photoelectron. This probability is normally characterized by
the quantum efficiency, which is the number of photoelectrons emitted per inci-
dent photon. For the "bi-alkali" (K 2CsSb) photocathodes used here, the quantum
efficiency for photons with wavelength 410 nm is about 20% {H2). Thus for the
100 keV incident x-ray example above, 4333 photons produce about 867 photo-
electrons. This is the minimum number of information carriers in the signal chain
since subsequent stages amplify this number. Thus, this minimum number is the
root of the relatively poor resolution of Nal(TI) x-ray spectrometers. Ocassionally,
a single electron will be spontaneously thermionically emitted by the photocath-
ode resulting in an output pulse. Since these "dark pulses" always correspond to
a single photoelectron, they are small and uniform in amplitude and so can be
easily discriminated against.
A dynode is a material that when struck by an energetic electron, emits
additional electrons each of which has an energy of a few eV. The number of
emitted electrons is proportional to the energy of the original electron. Since
each dynode is held at a higher positive voltage relative to the previous one, the
electrons emitted from a given dynode stage will be accelerated through a potential
difference, strike the next dynodes and give rise to the emission of a still larger
number of electrons. The potential difference through which the electrons are
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of a photomultiplier tube.
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accelerated at each stage is roughly equal the applied high voltage divided by
the number of stages and is on the order of one hundred volts. Therefore, the
final energy of a given electron emitted by one dynode and striking the next is
proportional to the applied high voltage. If D electrons are produced by each
single electron incident on a dynode, then by using a multi-stage dynode chain
with N stages, an overall gain of DN is realizable. Since D is proportional to
the final electron energy, then the overall gain of the PMT can be controlled by
the external applied voltage. For the experiments conducted here, 700 volts were
usually applied to the tubes used on the perpindicular detectors resulting in a value
of D equal to about 2.1 which for 10 stages gives an overall gain of 2.110 = 1700.
The transit time required for full electron multiplication is about 50 ns with a
spread of about 5 ns for the tubes used here.
The total electron charge is collected on the anode and converted into a voltage
output pulse by integration over an RC circuit which is made up of the load resistor
and coupling capacitor. The time constant is chosen to be long enough to insure
complete charge collection. For these experiments, a 50 ps time constant has been
used. In reality, in addition to driving the 50 ohm signal cables, the preamp which
receives the PMT output also determines the time constant. Thus, the preamp
output pulse has a rise time determined by the NaI crystal properties of about
230 ns and a long tail decay time of about 50 microseconds.
This output "tail" pulse is processed by a spectroscopy amplifier which con-
sists of several differentiation-integration circuits in series. The amplifier also has
various timing and gain circuits. The net result is a nearly gaussian shaped volt-
age pulse whose amplitude is linearly proportional to the original incident x-ray
energy. For the system used here the voltage ranges from 0 to 10 volts, and the
pulse width is about 1 ys.
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4.4 Multi-Channel Analysis
A Nal detector with its associated electronics results in a string of voltage
pulses, each of which is linearly proportional in amplitude to the original cor-
responding x-ray. Thus, some method is needed to count the number of pulses
having an amplitude that falls in each of a series of constant-width, contiguous
small voltage intervals dV @ V. A plot of the number of counts in each volt-
age interval (known as a channel) as a function of the interval center voltage (or
the linearly corresponding x-ray energy) would give a discrete approximation to
the true spectral x-ray energy distribution being measured. This approximation
is known as a pulse height analysis (PHA) histogram or more simple as a pulse
height spectrum. The technique is schematically illustrated in Fig. 4.5(a) [C1].
The multi-channel analyser (MCA) is the electronic device that performs this
counting. It processes voltages as they arrive for a time interval determined by the
length of the experiment, and separates them as described above. A block diagram
of an MCA is shown in Fig. 4.5(b). When a voltage pulse enters the MCA it is
initially checked to insure that it lies in the voltage range of interest by a single
channel analyser (SCA). This, for example, permits descrimination against low
amplitude noise pulses. If the input voltage pulse falls in the range of interest,
then the SCA puts out a logic pulse opening a gate which then permits passage
of the voltage pulse which was delayed on another branch while the SCA was
making its determination. The voltage pulse then proceeds through still another
gate, provided it is open, and into the analog-to-digital convertor (ADC). The
ADC is the heart of any MCA. It is what actually converts the analog pulse
voltage amplitude into a digital channel number which is then stored in the MCA
memory for display (usually via a CRT) and possibly transfered to a digital storage
and processing device such as a computer. While the ADC is converting a given
voltage pulse, a logic signal keeps an input gate closed until the conversion is
complete and the ADC is ready for another pulse.
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For a single detector, the above system is completely adequate. However, for
a multi-detector system with a single MCA, some method of processing parallel
input voltage pulse strings is needed. This can be accomplished with a front end
mixer/router (M/R), also shown in Fig.4.5(b). When the-ADC is not busy, a logic
pulse is sent to the M/R which causes it to open all its inputs. When a voltage
pulse arrives on any input, the M/R closes all inputs after the voltage pulse has
passed through and sends a logic code signal to the MCA memory control circuitry
informing it as to which input (and corresponding detector) the pulse arrived at.
The ADC performs the conversion of the pulse, and the digital spectral information
is stored in a region of MCA memory specifically designated to the appropriate
M/R input. A logic pulse is then sent from the ADC to the M/R to reopen its
inputs and the cycle repeats. In this way, several pulse height spectra can be
simultaneously built up over a period of time. For the experiments here, eight
and five inputs were used for the perpendicular and the angular measurements,
respectively.
The ADC used in the Canberra Industries series-35 MCA, which was used
in the present experiments here, is of the Wilkinson linear-ramp type, as shown
in Fig. 4.5(c). When a voltage pulse enters the ADC, a linear voltage ramp is
triggered. In addition, a gate allowing constant frequency oscillator clock pulses
through is opened. The linear ramp voltage is increased until after a time interval
At, the ramp voltage and input pulse voltage are equal. At this point, the clock
gate is closed. The number of clock pulses that have elapsed, as determined by a
counting address scaler, is then equal to the channel number which is incremented
by one count. In order to insure accurate comparison between the ramp and pulse
voltages, a minimum pulse width is required. This is the root of the 1 As pulse
width used here. This width, which is nearly the minimum that can be used, is
chosen to maximize the count rate that can be processed as described below.
The time required to convert a voltage pulse is then given by r = N/v + B,
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FIGURE 4.5 - (a) Illustration as to how photon-energy-proportional voltage pulses
are sorted into a histogram. (b) Block diagram of a multiple input multi-channel
analyser. (c) Block diagram of a Wilkinson linear ramp analog-to-digital converter.
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where v is the oscillator clock frequency, N is the voltage interval (or channel)
number, and B is a fixed time required for incrementation of the channel number
N. For the MCA used here, v = 100 MHz and B = 3 As. For reasons discussed
below, the total number of channels used for each detector is 256. Thus, for
a falling exponential distribution of voltage pulses, the average channel number
being incremented is about 100 so that 4 As is required to process a pulse, on the
average. Thus, the average pulse input rate can be as high as 250 kHz. Thus, the
detector throughput rate can be about 30 kHz for the eight detector perpendicular
array, and about 50 kHz for the five detector angular array. These rate limits are
roughly the same as those that result from pile up discussed in the next section.
4.5 Resolution and Pile Up
From the above discussion, it has been seen that the point in the signal
chain where there exists the minimum number of information carriers is at the
PMT photocathode. From the example of a 100 keV incident x-ray, the number of
photoelectrons produced was about 867. Assuming Poisson statistics, the standard
deviation is then %/867 so that the full width at half maximum (FWHM) for a peak
of height H = 867 is 2.35v/ 67= 69. The resolution is defined as R = FWHM/H
= 69/867 = 8%. Since the system is linear, this is also the resolution expected in
the measurement of the x-ray energy distribution itself. This value is somewhat
better than the measured values of about 20% for the perpendicular detectors
and 50% for the angular detectors (somewhat worse due to the light loss from
the fiber-optic light guide) at 100 keV because of the influence of non-statistical
effects.
Based on the above, the detector resolution is roughly proportional to V/5/E
where E is the incident x-ray energy. Thus, the resolution is given approximately
by R = Ro VE 0/E, where RO is the resolution at a reference energy EO (usually the
83
.. ....... q
Cs-137 peak at 667 keV). Since the resolution becomes poorer as energy decreases,
there is a minimum energy at R = 1 below which measurements are meaningless.
For the perpindicular detectors, R, = 0.08 so that Emin = 4.5 keV, and for the
angular detectors, RO = 0.20 so- that Emin = 26.7 keV. This is the source of-the
approximate limit of 10 keV quoted above.
The number of MCA channels required can be determined from resolution
considerations in the following way. The lowest value of R occurs for the highest
energy x-ray incident on the detector. For lower hybrid current driven plasmas
this is about 500 keV. Since the system is linear, for H and FWHM expressed in
channel numbers, it is still true that H = FWHM/R. Thus, because it generally
requires 4-5 MCA channels over the FWHM of a peak to fully discern the peak,
for the perpendicular detectors, H = 5/(0.08 /(667/500)) = 55 channels. Due to
the binary nature of digital storage systems, 256 = 28 is the minimum number
of channels available. Note that using an excess number of channels gives poorer
collection statistics than necessary, especially when the collection time available is
as short as it is here.
Pulse pile-up occurs when two x-rays enter the detector volume nearly simul-
taneously. The net result is two voltage pulses partially or fully stacked so that
they appear as one pulse with an amplitude greater than the the amplitude of
either individual pulse. Since this represents erroneous data, pile-up should be
minimized. The simplest way to achieve this is to limit the x-ray flux rate. The
approximate probability for observing an interval between pulses of time greater
than t is given by P = e-", where r is the average pulse rate. Thus, since two
pulses are affected by pile-up, the fraction of pulses that pile-up is f = 2(1 - P),
or the rate corresponding to a pile-up fraction of f is r = ln(2/(2 - f))/t. Since
t = 1 pss, then for a 5% pile-up fraction, r = 25 kHz, which is the maximum rate
each detector should see to avoid spectral distortions.
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4.6 System Integration
Figure 4.6 shows the elements of an x-ray spectroscopic system, as they were
described in the sections above, integrated together into a complete unit. The
various physical and electronic processes that are required to generate the data
representation of the x-ray energy distribution being measured are shown in the
appropriate signal chain component.
First, the incident x-ray transfers its energy to NaI crystal electrons via pho-
toelectric absorbtion or multiple Compton scattering. This results in valence band
electrons being boosted into the conduction band where they then deexcite, giving
off blue light photons which are reflected from the crystal housing walls onto a
photomultiplier photocathode. The blue photons cause the ejection of photoelec-
trons from the photocathode which then cascade through a string of increasingly
higher voltage dynodes. The dynodes are electron multipliers so that the number
of electrons collected by the anode is increased over the number of photoelectrons
ejected from the photocathode by about 106. This electron current is converted
into a voltage through a load resistor, and is capacitively coupled into a preamp.
The preamp provides some pulse shaping and a low impedance output to drive
the long signal cables. The output voltage pulse has a rise time of about 230 ns
(corresponding to the crystal scintillation decay time), and a fall time of about
50 microseconds (due to the RC time constant of the load resistor and coupling
capacitor, and preamp shaping). This comparatively long collection time insures
complete charge collection so that since each conversion step is nearly linear, the
voltage amplitude is proportional to the incident x-ray energy
Secondly, the voltage pulse is successively differentiated and integrated (as
well as amplified if called for) in a spectroscopy amplifier in such a way that the
output pulse is gaussian in shape with a half width of about 1 /is to allow high
count rates (25 kHz). Also, the amplitude information remains linearly intact
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so that the pulse height is still proportional to the incident x-ray energy. For
multiple input detectors, the pulses are sent through a mixer/router which passes
the pulse unaltered and sends a logic code to the memory control of the following
MCA so that the digitized data is stored in the memory section -corresponding to
the appropriate detector input. In addition, for the experiments performed here
the total x-ray flux count rate as a function of time was of some interest. This
quantity was measured for each detector with a rate meter. The rate meter works
by counting the number of pulses ariving during a specified time interval and
putting out a voltage during the next time interval proportional to this number.
This pseudo-analog voltage is then stored on a VAX-11/780 computer via standard
CAMAC digitization techniques.
Finally, the voltage pulse output from the mixer/router is sent to a multi-
channel analyser where it is converted into a digital number by a ramp type
analog-to-digital converter. The conversion is done by counting the number of
discrete clock pulses that elapse during the time required to linearly ramp a ref-
erence voltage up to the input pulse amplitude. A memory location (channel)
corresponding to this number is then incremented by one count. Thus, a plot of
the number of counts in each channel as a function of channel number is a discrete
approximation to the original x-ray energy distribution. This spectral data can
then be directly observed on a CRT display built into the MCA, or alternatively,
the data can be transfered to a computer for future processing.
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CHAPTER 5. PERPENDICULAR STEADY STATE X-RAY MEASUREMENTS
In this chapter, measurements of high energy continuum bremsstrahlung x-ray
emission from Alcat-or ar-6discussed. All the data presented here have been ob-
tained during purely rf driven steady-state discharges similar to the one described
in Chapter 1. The x-rays have been measured using NaI crystal spectroscopy as
explaned in Chapter 4. The theoretical basis for bremsstrahlung emission as it
relates to the measurements made here will be described in Section 6.1.
The first section of this chapter gives the details of the experimental setup
used to collect the data. The second section shows some representative data and
explains how the data is analyzed so as to extract from it the most useful informa-
tion. The third section describes the dependence of the x-ray spectra upon varying
the rf system and plasma parameters. Finally, the fourth section uses a computer
code simulation of lower hybrid current drive to calculate x-ray emission that re-
produces the trends observed in the experimental data. Because of limitations in
the code, it cannot be used to quantitativly model the x-ray emission. However,
by reproducing the variation observed in the data presented in Section 5.3, an
understanding in the underlying physical mechanisms governing these variations
can be gained. Section 5.5 provides a brief summary of the conclusions reached in
this chapter.
5.1 Experimental Setup
All the measurements described here were made by viewing x-ray emission
along chords through the plasma volume. The spectrometers were placed under
the tokamak, viewing vertically upward, perpendicular to the horizontal midplane.
A given set of measurements were always made with spectrometers at the same
toroidal location viewing along parallel beamlines that formed a poloidal plane of
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intersection. The viewing beamlines were narrowly collimated with a diameter of
about one centimeter.
Figure 5.1 shows a schematic-diagram of the x-ray detector array used to
collect the data discussed in this chapter. The array consisted of eight 1"x3" Nal
scintillation spectrometers. Only direct plasma bremsstrahlung was of interest
here. The reason for this was twofold. First, x-ray emission from any source other
than the plasma does not directly indicate the real space or velocity space distribu-
tion of plasma electrons. Secondly, the major sources of non-plasma emission were
the vacuum vessel wall and the plasma limiter, and this type of emission, called
"thick target bremsstrahlung", is difficult to theoretically model. To prevent non-
plasma x-radiation from entering the crystals and distorting the measured plasma
signal, the entire array was placed inside a lead shield roughly 24 centimeters
thick. Also, the viewing lines were tightly collimated to see only the plasma col-
umn. The vacuum window was made of 0.010" thick aluminum and was mounted
on the outside of an Alcator port. This permited the unattenuated detection of
photons with energies greater than 10 keV. This also prevented non-plasma ra-
diation striking the windows from scattering into a collimator. Because of the
structure of Alcator ports, the window was mounted at the end of a "keyhole" far
from the plasma surface. This further prevented limiter and wall radiation from
striking the vacuum window. Similarly, the viewing lines looked into a port on the
top of Alcator which thereby functioned as a "black" beamdump. The array was
also placed inside a magnetic shield roughly 1" thick. This shield prevented the
penetration of the poloidal field into the photomultiplier tubes on the x-ray detec-
tors. Any stray field in the PMTs would distort the dynode electron trajectories
as described in Section 4.3.
Each detector of the array collected an x-ray energy spectrum. The spectra
are generally linear on a semi-log plot and extend out to several hundred keV.
The spectra slopes are in the range of several tens of keV. Each spectra comes
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from a detector viewing emission from a particular chordal (radial) position in
the plasma ranging from -12.4 cm to 9.4 cm. In general, each spectrum requires
several plasma shots (4 to 15) to achieve adaquate statistical resolution at the high
energy end. -The operational principles behind this type of x-ray spectrometer,
as well as the reasons it was chosen, are explaned in Chapter 4. In particular,
the crystals used here were large enough so that over the entire dynamic range
of measured x-radiation (20-500 keV), no secondary scattered photons escaped.
Thus, any incident photon deposited its full energy in the detector crystal. (The
photofraction was greater than 0.95.) In this way, no corrections had to be made
to the raw data that would have resulted in greater uncertainties.
5.2 X-ray Spectra and Profile Measurements
Figure 5.2 shows the photon energy spectrum collected from the plasma cen-
ter. Also shown is the high energy plasma x-ray emission during the discharge
before the rf power was turned on. The emission before the rf power is seen to be
negligible compared to the emission during the rf driven phase of the discharge.
This is a constant feature of all rf driven discharges in Alcator and shows that
over the range of plasma densities for which current drive experiments were per-
formed here, there is never a pre-formed high energy runaway electron tail. For the
plasma conditions given, the x-ray spectrum tail extends out to 500 keV. Assum-
ing wave-particle interactions of the type described in Chapter 3, this corresponds
to an equivalent wave parallel index of refraction of about 1.2. This agrees with
the smallest value permited by lower hybrid theory for a plasma with these condi-
tions. However, this does not imply that the spectra terminates due to the effects
of accesibility. Indeed, the spectrum shows no indication that a cutoff has been
reached, and in fact is actuallyturning slightly upward. This could be due to en-
ergetic electrons beyond the resonant plateau, or the effects of a residual electric
field. Many of the spectra shown in this and later sections do not extend out to
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the limit prescribed by lower hybrid theory for their respective plasma conditions.
The reason is that since the spectra fall off exponentially, experimental run time
was often not available to collect complete spectra. This was particularly true
when radial profiles were being measured.
Figure 5.3(a) shows line-averaged (brightness) spectra from three different
plasma positions. As mentioned above, the high energy tail portion of each spec-
trum (20 to 200 keV) is very linear, with a correletion coefficient greater than 0.90
and a fractional standard deviation of less than 20 percent in all cases. Therefore,
each spectral tail can be characterized by an "x-ray temperature" or slope. Cau-
tion must be exercised in interpreting this x-ray slope in that, unlike the case of
low energy x-ray emission (soft x-ray spectroscopy), the x-ray slope here does not
equal the mean energy of the emitting electrons. As a general rule, the true mean
energy of the emitting electrons will be greater than the resulting x-ray spectrum
slope. The reason for this is that as electrons approach relativistic energies, the
bremsstrahlung emission cross section acquires complex velocity space structure,
tending to fall off with emitted photon energy even for monoenergetic electrons.
This is described in more detail in Chapter 6.
In spite of this limitation, the x-ray spectra slope provides a very good relative
measure of the mean energy of the emitting electrons. That is, if two spectra
are compared and one has a greater slope than the other, then the electrons
that resulted in the former spectrum are more energetic than the electrons that
produced the latter spectrum. Figure 5.3(a) shows a linear least squares fit to the
semi-log data for the three radial positions given. As mentioned above the fits are
very good. As can be seen, the tail electrons, while fewer in number, become more
energetic at larger plasma radii. This is a general feature of the x-ray data and
will be examined more closely in subsequent sections.
Because spectra are obtained for several radial positions, it is possible to
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FIGURE 5.3 - (a) Perpendicularly emitted x-ray spectra from three chordal loca-
tions. (b) Perpendicular x-ray brightness profiles for five photon energies.
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extract x-ray emission profiles at each photon energy measured. Figure 5.3(a)
has small vertical arrows indicating five photon energies at which emission profiles
have been obtained and shown in Fig. 5.3(b). Again, caution must be exercised
in the interpretation of these profiles. The emission profile for a given photon
energy does not directly show the profile of the electrons of the same energy since
all electrons with energies greater than the given photon energy contribute to the
emission. However, the emission profiles do provide a good relative measure of the
electron profiles. Figure 5.3(b) shows that the emission profiles become broader
with increasing photon energy. This indicates that the higher energy electrons of
the rf induced tail tend to reside more in the outer plasma region than the lower
energy electrons. This is equivalent to the results of Fig. 5.3(a) and again is a
general feature of the data. The data also show that the emission profiles are
generally symmetric about the plasma center to within experimental error.
As with the x-ray spectra slope, the emission profile widths can be quantita-
tively characterized by fitting an analytic function to the profile data. Figure 5.4
shows emission profiles for two photon energies fitted with shifted gaussians. The
fits for all cases are good with fractional standard deviation less than 30 percent.
The results of Figure 5.4 indicate quantitatively that the emission profiles broaden
at increased photon energy.
5.3 Parametric Dependence of X-ray Measurements
The data in the previous section has been quantitatively characterized in two
different ways. First, the x-ray slope, which gives a relative measure of the mean
emitting electron energy, has been extracted from the x-ray spectra for each radial
position. Secondly, the emission profile width, which gives a relative measure of the
profile width of the emitting electrons, has been extracted from the emission data
for each photon energy. Using these characterizations, the following subsections
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FIGURE 5.4 - The brightness profiles shown in Fig. 5.3(b) fitted with gaussian
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illustrate the emission data dependency on relative waveguide phasing, plasma
toroidal magnetic field, bulk plasma density, and plasma toroidal current.
5.3.1 X-ray Spectra
Figures 5.5(a)-5.5(d) show plots of the slope of the perpendicular x-ray emis-
sion as a function of chord position (or equivalently, radius). The photon energy
range of the spectra to which the slopes were fitted is 20-200 keV. From all plots,
the x-ray slope clearly has a smaller value at the plasma center than at either
the inside or outside radial positions. Also, the shape of each plot is symmetric
to within experimental error. This behavior is a common feature of all the data
which cover a broad range of rf wave and plasma parameters.
Figure 5.5(a) shows the x-ray slopes for two different values of relative phasing
of waveguides in the launching antenna. At each radial location the emitting
electrons are more energetic in the case of 67.50 phasing than in the 135.00 case.
Emission data taken only from the center for 67.50, 90.00, 112.5', and 135.00 show
the same behavior. Thus, it is clear that the mean energy of all rf produced tail
electrons increases as the relative phasing of the launching antenna decreases.
Figures 5.5(b) and 5.5(c) show the x-ray slope as a function of plasma radius
for several different values of toroidal magnetic field and plasma line-averaged elec-
tron density, respectively. Figure 5.5(b) indicates that the emitting tail electrons
become increasingly energetic at all radii within the plasma as the magnetic field
is raised. Similarly, Fig. 5.5(c) shows that the emitting tail electrons become more
energetic as the electron density is lowered.
Finally, Fig. 5.5(d) shows a plot of the x-ray slope versus plasma position
for three different toroidal plasma currents. These plots indicate that the mean
energy of the tail electrons increases with increasing plasma current.
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Summarizing the results of this section, the slope of the perpendicular x-
ray emission has been found to be symmetric about the plasma center (within
experimental error) and to increase with plasma radius. In addition, the slope
at all plasma positions increases with (a) decreasing antenna waveguide phasing,
(b) increasing toriodal magnetic field and (c) decreasing plasma density, and (d)
increasing toroidal plasma current.
5.3.2 Radial Profiles
Figures 5.6(a)-5.6(d) each show plots of the x-ray profile width of the per-
pendicular x-ray emission as a function of photon energy. The profile widths were
obtained by fitting a gaussian to the emission data at photon energies of 40, 80,
120, 160, and 200 keV. From all plots, the x-ray profile width clearly increases
with increasing photon energy. This behavior is a common feature of all the data
which cover a broad range of rf wave and plasma parameters.
Figure 5.6(a) shows the x-ray profile widths for two different values of relative
phasing of waveguides in the launching antenna. At all photon energies, the x-ray
emission profiles are more peaked in the case of 67.5* phasing than in the 135.00
case. Also, the relative difference in profile widths increases at higher photon
energies. Thus, it is clear that the radial distribution of rf produced tail electrons
becomes narrower as the relative phasing of the launching antenna is decreased.
Figures 5.6(b) and 5.6(c) show the x-ray emission profile width as a func-
tion of photon energy for several different values of toroidal magnetic field and
plasma line-averaged electron density, respectively. Figure 5.6(b) indicates that
the emitting tail electrons have a narrower radial distribution at all energies as
the magnetic field is raised. Similarly, Fig. 5.6(c) shows that the profile of the
high energy tail electrons becomes peaked at all energies as the electron density
is lowered. The difference in profile widths is greater for higher photon energies
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in both cases.
Finally, Fig. 5.6(d) shows a plot of the x-ray emission profile width versus
photon energy for three different toroidal plasma currents. These plots indicate
that the tail electron radial distribution broadens with increasing plasma current.
Summarizing the results of this section, the gaussian-fitted 1/e width of
the perpendicular x-ray emission has been found to increase with photon en-
ergy for all plasma and rf wave conditions. In addition, the width at all photon
energies increases with (a) increasing antenna waveguide phasing, (b) decreas-
ing toroidal magnetic field and (c) increasing plasma density, and (d) increasing
toroidal plasma current.
5.4 Discussion of Results
In order to gain a physical understanding of the results of the previous section,
this section uses x-ray emission calculated from the electron energy distribution
generated by the Bonoli-Englade code, which was discussed in Chapter 3. Because
of limited time, it was not possible to reproduce the experimental conditions in the
code simulations. However, all the plasma and rf wave parameter scans, for which
the collected data has been presented above, have been performed using the code.
It is the purpose of this section to understand the trends observed in the measured
x-ray data. Consequently, a one dimensional velocity space model was assumed in
calculating the x-ray emission. This assumption accurately reproduces the trends,
but cannot be relied upon for quantitative comparisons between calculated and
measured emission.
Another difficulty with using the Bonoli-Englade code to reproduce the trends
in the measured data is that the code has no provision for diffusing the tail dis-
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tribution function produced by damping of the rf waves. It was seen in Chapter 3
that the code predicts off axis power deposition with a spread in the power depo-
sition profile of several centimeters. That is, the power is deposited in an annular
ring in the poLoidal cross section. Because the measured x-ray emission is chord
averaged, the emission calculated from the Bonoli-Englade code is also integrated
along parallel chords, vertically through the plasma cross section. Thus, even
though the electron tail distribution function is peaked off axis, the calculated
chord averaged emission profile is peaked on axis with some width. This width is
determined by the radial location of the power deposition and, to a lesser extent,
the shape of the deposition profile.
For example, as the toroidal magnetic field is raised from 6 to 10 Tesla, the
center of the power deposition predicted by the code moves in from 4.5 to 3.0
centimeters. The corresponding calculated line-averaged x-ray emission profile
width decreases from 7.4 cm to 5.25 cm, for the low energy photons (E, < 20
keV). This narrowing occures to a greater extent for higher energy x-rays. (See
Fig. 5.12(a).)
To test the reliability of this approach, a few test cases were run using a time
dependent version of the Bonoli-Englade code which includes rf current diffusion.
It was found that as the radial position of the rf power deposition moves outward,
the resulting rf current profile broadens. That is, the radial shape of the high
energy electron distribution function tracks the rf power deposition. Thus, line
integrated x-ray emission of the off axis distribution function can still be used
to predict the variation in the x-ray profile widths with different rf and plasma
parameters.
5.4.1 Waveguide Phasing Effects
Figure 5.7(a) shows the parallel electron distribution functions calculated from
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the Bonoli-Englade code at a plasma radius of 3 cm for a launched rf power spec-
trum with waveguide phasing of 900 and 135'. As seen previously, the distribution
functions exhibit a flat plateau out to a sharp cutoff energy. The cutoff energies
are approximately 450 and 200 keV for the-90* and the 1350 cases, respectively.
Thus, the mean energy of the tail electrons is significantly higher in the 900 case
(; 250 keV) than in the 1350 case (; 50 keV). This is a direct reflection of the
fact that in the 90' case, there is significantly more power in low nrz waves of the
launched power spectrum than in the 1350 case, as can be seen from Fig. 2.1.
This means that a greater fraction of the power is being damped on higher energy
electrons. The level of the plateau is higher for 135' phasing than for 90* phasing,
since both distributions carry the same total amount of plasma current. That
is, since the mean parallel velocity is lower in the 1350 case, there must be more
current carriers (I <x nt(vil)). This is examined in more detail in Chapter 6.
Figure 5.7(b) shows the slope of x-ray spectra calculated from electron dis-
tributions generated from the Bonoli-Englade code, (such as the ones shown in
Fig.5.7(a)), as a function of plasma radius, for two different waveguide phasings.
The slopes are determined from the calculated spectra in the same way as the
slopes were extracted from the measured data above. The figure shows that at
all plasma radii, the x-ray slope is greater in the 900 case than in the 1350 case.
This behavior is identical to the experimental data. Thus, the measured x-ray
spectra, which are reflective of the relative mean energy of the emitting electrons,
"track" the launched rf power spectra. (Figure 5.7(b) also shows that the calcu-
lated spectra become more energetic with plasma radius. This behavior, which
is both identical to the measured data and is a common feature of the calculated
emission, is discussed in more detail in the next section.)
To see this "tracking behavior" more directly, Figs. 5.8(a) and 5.8(b) show
actual spectra calculated from the Bonoli-Englade code and spectra experimentally
measured, respectively. For both figures, the x-ray spectra can be seen to clearly
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follow the launched rf power spectra.
Shown in Fig. 5.9 are the gaussian 1/e profile widths fitted to the x-ray
emission calculated from the Bonoli-Englade code, as a function of photon emission
energy. For all photon energies, the profiles are broader for 1350 phasing than for
900 phasing. This behavior is again identical to the experimental data. It results
from the fact that the 135' power spectrum has a greater fraction of power in high
ng waves than does the 90' power spectrum. These higher nii waves tend to damp
further out from the plasma center where the temperature is reduced. Thus, the
tail electron profiles tend to be broader in the 1350 case. (The profile widths for
both cases increase with photon energy mirroring the experimental data. This will
be discussed in the next section.)
5.4.2 Magnetic Field and Density Effects
Figures 5.10(a) and 5.10(b) show the slopes of x-ray emission calculated from
the Bonoli-Englade code as a function of radius, with the toroidal magnetic field
and plasma line-averaged density as parameters, respectively. The calculations
show that for all conditions, the x-ray slope increases with increasing plasma ra-
dius. This observation is a common feature of both the calculated and experimen-
tally measured x-ray spectra, as mentioned earlier, and is related to accessibilty.
Figure 2.3(a) shows that the minimum value of n1i that is accessible to a given
point in the plasma decreases with decreasing electron density. Therefore, since
the density profile is peaked, a wave with a given value of nii can only penetrate
a fixed distance into the plasma column. This is illustrated in Fig. 2.3(b). Hence,
the maximum extent of the high energy tail plateau increases with increasing
plasma radius. This is indicated in Fig. 5.11(a) which shows the parallel electron
distribution function calculated by the Bonoli-Englade code for several values of
plasma radius. Thus, more energetic electrons are confined to the outer regions
of the plasma. Furthermore, the collisional slowing down time of a fast electron
106
E
00
o --
- o-o
- E-
00
>o
o
0 o
(N
04)
o f
00
000o
0 0000-
o LI .
o o rl N 0 o co ro
- - - - - oIc - s
(w 0) 44P!M alIOJd
Pol-
107
I I I I 1 -7- -r w I I ' I V
~(o) I68
2 m IaII
20 S I S I t * ~ I * i i I * ~ a I I S I
0 20 4.0 6.0 8.0 10.0 12.0 14.0
Radial Position (cm)
(b)
III S.
x
- ~
I.. .1... I. - -'
2.0 4.0 6.0 8.0 10.0
44
40
3.0 x 10' cm-
5.0 x 1013 cm-5
7. 0 x 10 13 cm-3
9.0 x 10' cm-3
- . a I a 5 I . a a , , a I , S I
12.5 15.0 17.5
Radial Position (cm)
FIGURE 5.10 - X-ray spectra slopes of emission calculated from the Bonoli-
Englade code distribution functions parametrically in (a) toroidal magnetic field,
and (b) line averaged plasma density.
108
10 Tesla -
8 Tesla -
6 Tesla
I I
56
0.in 44
38
26
16.0
68
64
60
56
52
C
0
a:
i
x ----- x
-
I I I I I
..
1
10 2
Energy (keV)
10 2
Energy (keV)
FIGURE 5.11 - Parallel electron distribution functions calculated from the Bonoli-
Englade code for (a) five different plasma radii, and (b) two different toroidal
magnetic fields.
109
100
10'
10 2
-- ' ' ' ' I ' ' ' ' ' ' I 1
2.89
4 .13
-. 5.36-
0.41
" 1.65
C
.2
'S
C
0
z
LU2
W
0 5
10
10 0 10 10 3
10 0
101
(b)
-
10 Tesla
- 6 Tesla
0
C
0
10 6
10 0 10 '
103
10 4
increases with energy. Hence, fast electrons have more time to diffuse out of the
plasma interior, whereas slower electrons are stopped there. These effects are
reflected in the x-ray spectra.
Accessibilty can also be used to explain the magnetic field dependence of the
plots in Fig.5.10(a), which mirror the experimental data. Here, the x-ray slope
increases at all plasma radii with increasing toroidal magnetic field. The reason is
that for all else held constant, as the magnetic field -is increased at a local point
within the plasma. the minimum value of nil accessible to that point decreases.
Hence, the maximum extent of the high energy tail plateau, at a given point in
the plasma, increases with increasing toroidal magnetic field. This is illustrated in
Fig. 5.11(b) which shows parallel electron distribution functions at a fixed plasma
position of 3 cm for 6 and 10 Tesla.
Similar behavior is seen in the calculated x-ray emission slopes shown in
Fig. 5.10(b). As the plasma density decreases, the mean energy of the emitting
electrons at a given plasma position increases. This is again a consequence of the
fact that for lower density, waves with smaller values of ni are accessible to that
position.
Figures 5.12(a) and 5.12(b) show the x-ray emission profile gaussian 1/e
widths. These widths were ascertained from the x-ray emission calculated us-
ing the electron distribution functions generated by the Bonoli-Englade code. The
behavior of the plots is the same as that of the experimental data described in
Section 5.3.2. This is due to accessibility. For all plasma conditions, the profile
broadens with increasing photon energy. Equivalently, this implies that the higher
energy tail electrons are restricted to the outer regions of the plasma. The reason
for this common observation has already been discussed.
Figures 5.12(a) and 5.12(b) also show that for a given photon energy, the
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emission profile broadens with decreasing magnetic field, and increasing density,
respectively. The reason for this again related to accessibility. As the field is
lowered, or the density raised, the minimum value of n1l accessible to the plasma
interior increases. Equivalently, as the field is lowered or the density raised, the
mean energy of the electrons present in the plasma interior decreases. This is
reflected in the broadening of the x-ray emission profiles. As can be seen from
both the experimental data and the calculated emission, this effect is particularly
pronounced at higher photon energies. This is due to the fact that the higher
energy electrons, which determine the emission of the most energetic photons,
are the most significantly affected by accessibility. At the lowest values of emitted
photon energy, the profile width changes, as a function of magnetic field or density,
are significantly smaller.
5.4.3 Plasma Current Effects
Waveguide phasing effects, magnetic field effects, and density effects, as dis-
cussed in the previous sections, are all directly related to properties of the launched
wave spectrum and/or plasma wave accessibility. This is not necessarily the case
with effects associated with varying the plasma current. The reason is that the
plasma current has no direct bearing on the rf wave accessibility. However, the
plasma current can affect the rf ray penetration through the q(r) profile. In fact,
a model current scan using the Bonoli-Englade code always showed the rf power
deposited at the same radial location, but with the spread in the rf power de-
position increasing with plasma current. The increased spreading resulted from
greater variation in the poloidal mode number, m, with lower q (Stronger toroidal
effects. See Eq. 2.6). The variation in m can cause large increases in n1 leading to
wave damping at larger plasma radii. This mechanism can be used to explain the
broader x-ray emission profiles experimentally observed at larger plasma currents.
It is also consistent with the measured x-ray emission profile width increasing with
decreasing magnetic field (decreasing q(a)), although as discussed in Section 5.4.2,
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for that case, the effects of accessibilty probably dominate.
The measured x-ray emission profile is seen to broaden both with decreasing
magnetic field and increasing plasma current, i.e. decreasing q. It is interesting to
note that similar behavior is seen on ohmicly driven discharges that are exhibiting
the "sawtooth" instability, even though the physical mechanism is very different.
In this case, the sawtooth instability restricts the central q value to be nearly one
so that changes in q(a) force the current profile to change. Lower hybrid current
driven discharges are not generally sawtoothing (q(a) > 10), but there may still
be a general equilibrium tendancy for the central q to remain low. This would
require that the current profile diffuse from its original rf wave generated shape.
The Bonoli-Englade code used in the present simulations has no provision for this
and so cannot be used to explain the experimental current scan results from this
point of view.
The amount of rf power required for current drive increases with increasing
plasma current. Thus, the Bonoli-Englade code showed that the electron distri-
bution function plateau became flatter with plasma current. The extent of the
plateau, which is determined by waveguide phasing and accessibilty, was unaf-
fected. This is consistent with the expermentally measured increase in the slope
of the x-ray emission at larger values of plasma current.
5.5 Chapter Summary
Perpendicularly emitted plasma hard x-ray spectra (El, > 30keV) were col-
lected from Alcator during purely lower hybrid current driven discharges at seven
different chordal (radial) locations. There is no emission before the rf power is
turned on and the emission profiles are generally radially peaked. The data was
characterized in two ways: (1) The slope of the spectra for each radial position,
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and (2) the width of the emission profile for each photon energy. For all the data
presented, the slope of the spectra increases with plasma radius. Equivalently,
the emission profiles are broader at higher photon energy. The reason for this is
that the plasma density is lower at larger radii so that waves with correspondingly
lower minimum values of n1 are accessible there. Thus, the mean tail electron
energy increases with plasma radius and this is reflected in the x-ray emission.
Scans of waveguide phasing, magnetic field, density, and current were done.
The slopes of the spectra at all positions were found to increase with decreasing
waveguide phasing, increasing magnetic field, decreasing density, and increasing
current. The "hardening" of the spectra with decreasing phasing is due to the
greater fraction of power in low n1 waves. That is, the x-ray spectra "track" the
launched power spectrum. The hardening of the x-ray spectra with increasing
magnetic field and decreasing density is directly related to wave accessibility. For
a given plasma position, as the field is raised or the density lowered, the minimum
value of n1l with which waves can penetrate decreases. Thus, the mean energy of
electrons, and hence the emitted x-ray spectrum slope, increases at each position.
The slopes of the x-ray spectra increase with plasma current at all plasma radii.
This is not a consequence of accessibility but seems to simply result from the
fact that more rf power is required to produce steady state current drive as the
amount of current being driven is raised. As the power is raised, the quasi-linear
electron tail becomes flatter and/or the tail density is raised. This results in a
more energetic x-ray spectrum. All of the trends observed in the data have been
reproduced using the Bonoli-Englade code.
The x-ray emission profile widths were also presented as a function of waveg-
uide phasing, magnetic field and density, and current. The emission profiles
broaden with increasing waveguide phasing. This is due to the fact that high
nl waves, which are more prevelant at larger values of waveguide phasing, tend
to damp further out from the plasma center. The emission profiles broaden as
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the magnetic field is lowered or the density raised. The effect is particularly pro-
nounced for the highest photon energies. As the field is lowered, or the density
raised, accessibility increasingly restricts low n waves from the plasma interior.
The resulting mean tail electron energy there is lowered, and this gives rise to
broader emission profiles. The emission profiles broaden as the plasma current is
raised, i.e., as q(a) is lowered. The increased toroidicity tends to give larger up-
shifts in nil leading to an outward spread in the wave power deposition profile. A
similar effect occurs as the magnetic field is lowered, but accessibility, which deter-
mines the location of the center of power deposition, seems to dominate. Again, all
of the trends observed in the data have been reproduced using the Bonoli-Englade
code.
It was noted at the beginning of Section 5.4 that the Bonoli-Englade code was
used only to understand the physical mechanisms underlying the trends observed
in the experimentally measured data. This was done by performing the parameter
scans that were done during the collection of the experimental data. However,
in no sense was the code used to "model" the x-ray emission. The reason for
this is that there exist several discrepancies between the code predictions and the
measured data. First, the code always predicts off-axis power deposition as seen in
Chapter 3. This is in contradiction to the observed x-ray emission profiles which
are always peaked on axis. The reason for this discrepancy may be related to the
details of the theory of ray tracing employed in the code. The theta component of
the wave vector varies as ke = m/r where m is the fixed poloidal mode number.
Thus, as the wave approaches the plasma center, ko becomes large and k,. tends
to decrease and change sign for fixed k. Thus, waves launched from the plasma
surface propagate inward, spiral around the plasma center in a tight orbit, and
propagate back outward. This leads to off-axis damping. Another possible reason
for the disagreement between the x-ray and power deposition profiles is that the
code has no provisions for radial diffusion of the high energy electron distribution
function.
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Another limitation of the code is that the Fokker-Planck equation used is only
one dimensional in the parallel direction. In order to account for two dimensional
effects, the code employs a perpendicular tail temperature as an input parameter.
However, since the x-ray measurements presented in this chapter are most sensitive
to changes in f(U) in vw space (and consequently to perpendicular temperature),
the code cannot be used for quantitative predictions of the actual x-ray emission.
Again, the code can only be used to explain the trends observed in the data.
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CHAPTER 6. ANGULAR STEADY STATE X-RAY MEASUREMENTS
As described earlier, the application of directed high power microwaves leads
to the development of an extreemly non-Maxwellian parallel tail in the electron
distribution function of a tokamak. These high energy electrons give rise to the
emission of bremsstrahlung radiation. In general, the spatial and spectral distri-
bution of x-rays reflects the high energy electron distribution function so that by
measuring this emission from the plasma, the electron velocity distribution can
be inferred [S7], V3]. The first section of this chapter explains in some detail the
theoretical underpinnings of this technique.
Several difficulties must be overcome in order to make this technique yield
practical results. First, since the distribution function is so anisotropic, it is nec-
essary to measure the bremsstrahlung as a function of the angle to the magnetic
field in order to gain insight about the degree of anisotropy. The experimental
method used to do this is described in the second section of this chapter.
A second difficulty with the bremsstrahlung technique, is that the measured x-
ray energy distribution is not the electron energy distribution. The reason for this
is that photons of a given direction and energy, k, can result from electrons moving
in arbitrary direction and with any kinetic energy greater than k. Due to these
difficulties, it is not possible to uniquely determine the electron distribution from
the bremsstrahlung data. Instead, a relatively simple model electron distribution
function must be assumed. The parameters of the model which give calculated
bremsstrahlung that best matches the measured data are then determined by
iteration. The resultant distribution function is obviously not unique, but it should
be a close approximation to the true electron distribution, and therefore able
to emulate many of its essential features. The proceedure by which this model
distribution function is determined is described in Section 6.3.
117
Once the high energy tail distribution function is in hand, it can be used to
predict many basic plasma properties related to power balence and confinement in
rf current drive experiments. This is done in Section 6.4. Finally, the last section
provides a chapter summary.
6.1 Theory of Bremsstrahlung from a High Energy Electron Distribu-
tion Function in a Plasma
The general expression for the steady-state bremsstrahlung reaction rate due
to a distribution of fast electrons scattering from a distribution of plasma ions is
given by integrating the bremstrahlung cross section and the relative electron-ion
speed over the distribution of electron and ion velocities:
dn (k, 0-1, r) d3 vd3V Zj da(k, T, Ol,) ,) RjjjrRjnftrj.
dkt dfl d3r = dkd ve-dk 
(6.1)
where n is the number of emitted photons, k is the emitted photon energy, 6, is the
emission angle relative to a fixed reference direction (the tokamak magnetic axis,
see Fig. 6.2), r is the position in the plasma from which the emission originates, t is
time, dO is the differential solid angle of emission, d3 r is the emitting differential
plasma volume, v. is the electron velocity, e is the ion velocity, Zi is the ion
charge number, do/dk dO is the differential cross section for bremsstralung per
unit photon energy per unit emission solid angle for Z = 1, T is the tail electron
kinetic energy, #,V, is the angle between v and k, ni is the ion density, n,t is
the electron density, fi is the ion velocity distribution, and fet is the tail electron
velocity distribution function. Hence, this expression gives the differential number
of bremsstrahlung photons emitted per unit photon energy per unit time per unit
solid angle of emission and per unit emitting volume of plasma.
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The bremsstrahlung cross section used here is for electron-ion interactions
only [G5],[H4],[K7. The reason for this is that electron-electron bremstrahlung
and recombination radiation contribute less than 10 % and 5 %, respectively, to
the total cross section and so are neglected [H5],jE2],[S8I.
Several simplifying assumptions can be made that permit a more tractable
calculation of the bremsstrahlung:
(1) iv, E~ v > !vi so that nif (r,k1 ) = n~~(~)
(2) radial symmetry so that ni(t) = ni(r),
(3) azimuthal velocity space symmetry so that fet y ) = ft (r, T, 0") where 0,
is the polar velocity space angle,
(4) seperability so that netfet(r,T,8,) = net(r) f(T,O,).
Assumptions (1) and (3) are very good for all electron energies in question.
Assumption (2) is given experimental justification from the results of Chapter 5
which show the perpendicular emission to be generally symmetric. The crucial
assumption in the modelling is (4). This assumption is almost certainly incorrect
from both a theoretical and experimental point of view. Low n11 waves which
are only accessible to the low density outer regions of the plasma will produce an
electron tail there that extends out to higher energies than the tail of the interior
distribution function. This is, in fact, seen in the data of Chapter 5. This has
also been observed on PLT [S7],[V3]. There, the data warranted a "two-region"
distribution function, with the a lower energy distribution function in the inner
half of the plasma cros section, and a much higher energy distribution function in
the outer half. A "one-region" distribution function (as implied by assumption (4))
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was also used in the PLT modelling. The main difference between the two models
is that the highest energy electrons in the one-region modelling form the outer
distribution function for the two-region modelling. The lower energy part of the
one-region distribution function is unchanged for the two models. The separation
point between higher and lower electron energies occurs at the maximum resonant
electron energy allowed by accessibility at the plasma center. For both PLT and
alcator this is near 400 keV. Thus, if a two-region distribution were employed
for the modelling done here, presumably the energetic electrons in the one-region
distribution function model beyond about 400 keV would be restricted to the
outer half of the plasma. However, in spite of this, the data presented here does
not warrant such a refined model. Thus, the infered tail distribution is actually
chord averaged. In addition, there is essentially no difference in the calculated tail
properties for the two models. Also, since the energetic tail is peaked on axis, the
relative number of the most energetic electrons is quite small. This is discussed
further later on.
With these assumptions, Eq. 6.1 can be rewritten as:
dn (k, 0..,, r e rt ()Zffr) d3f(T8,)vda (k, 0fI T) (62
dk dt dn d3 r (7)ne(r)Zff(r) dop f(T, ,) dk df' (6.2)
ni (r)Zjwhere Zef f(r) = ~ , and flebfr) = Lnr) = "bulk electron density"
such that n,b(r) > nt(r).
An examination of Eq. 6.2 indicates that the problem of determining the real
space and velocity space shape of the fast electron distribution function naturally
divides itself into two seperate problems. The velocity space integral depends only
on the photon emission angle and energy for a given electron distribution function.
Thus, if a set of constant angle spectrometers is used to make chord measurements
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of the plasma emission and if the beam line is sufficiently narrow that the solid
angle-emission volume product is nearly constant (dO d'r ~ AO AV), then stan-
dard Abel inversion techniques can be used to determine the shape of the quantity
net(r)neb(r)Zff(r). Since, neb(r) and Zeff(r) are generally known, then net(r)
can be inferred. (Note that, as with assumption (4), it is easy to generalize this
to permit the determination of the emission profile at a given angle for essentially
arbitrary photon energy.) These profile measurements have been made and dis-
cussed in their own right in Chapter 5 for 0, = 90*. They are also necessary for the
second-stage determination of the velocity space shape of the electron distribution
function.
Once the emission profiles have been determined, they can be employed to
compute the weighting factors that must be used to normalize the chord-integrated
measured data. Once this is done, the normalized data can be directly compared
to the emission predicted by the assumed form of f(0,, T), which can then be
adjusted until agreement is reached. It is tacitly assumed that the emission profile
is independent of the emission angle. This assumption could be relaxed if the
profile were determined using an array of chordal measurements at each angle.
Such a large database would be extreemly difficult to obtain from Alcator using
the technique discussed below. In addition, there is no theoretical reason to expect
the emission profiles to depend strongly on angle, provided the ratio of the parallel-
to-perpendicular tail temperatures is independent of plasma position.
That multi-angle measurements must be made to determime f (6,, T) with
any degree of accuracy can be appreciated from Fig. 6.1 [V1]. This figure shows
the radiation pattern of bremsstrahlung emission by a monoenergetic electron un-
dergoing a small angle scatter. The radiation patterns show the relative strength
of the emission of photons of a given angle and energy. As can be seen, as the elec-
tron energy increases, the emission becomes predominately in the direction of the
electron velocity. Thus, for a measurement of emission from a specific direction,
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that emission will primarily reflect the shape of f(O0, T) in the same direction in
velocity space. Hence, perpendicular measurements (900 to the magnetic axis)
will tend to yield information about the shape of the perpendicular electron dis-
tribution function while giving very little information about-the important high
energy parallel tail. This is well illustrated in reference [V2] where several very
different parallel electron distribution functions are seen to produce nearly the
same perpendicular emission. This issue is discussed further in Section 6.3.
It is this forward peaking of the bremsstrahlung emission which makes it
possible to extract an electron energy distribution from x-ray spectra. However,
the difficulty of the process is also apparent from Fig. 6.1, since electrons of a
given energy and directron can emit photons in any direction and with any energy
below its own. Figure 6.1 also shows that angular resolution better than ; 400
can not be expected.
Once the shape of net(r) = netoSet(r) has been determined, as well as the
normalized shape of f(O,, T), by assuming that all the plasma current is carried by
the high energy electron tail, the actual magnitude of this tail can be determined.
This completely characterizes the high energy rf wave produced electron tail.
6.2 Experimental Setup for Measuring Angular X-ray Emission from
Alcator
As discussed in Chapter 1, in order to permit the high toroidal magnetic field
indigenous to Alcator type devices, only very limited diagnostic access is provided
for. In particular, the diagnostic port structure is such that plasma access is only
via a long and narrow "keyhole" (Fig. 6.3) which is oriented at 90* to the magnetic
axis. Therefore, to obtain emission information from any other angle, the detector
system must be placed at the end of the keyhole near the plasma. The angular
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FIGURE 6.1 - Bremsstrahlung angular intensity patterns illustrating the forward
emission for relativistic electrons (!G5: after V1).
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detector array is illustrated in Fig. 6.3. It consisted of five 5mm x 5mm Nal
crystal spectrometers. The crystals were imbedded in a tungsten block at the end
of a five-tube "re-entrant" flange assembly. The block had five small collimator
holes drilled in it, one for each detector, and each at a different viewing angle
relative to the magnetic axis. Tungsten is a very high Z and high density material
and so provided shielding from unwanted limiter x-rays up to approximately 200
keV. Higher energy limiter x-rays penetrated the tungsten to the detectors and
dominated the direct plasma emission. In addition, because of the small size, the
counting efficiency of the NaI crystals fell off rapidly with photon energy. Thus, the
signal-to-noise ratio became too small to extract useful data for photon energies
greater than 200 keV.
The low counting efficiency, and its dependence on incident photon energy,
also made it necessary to correct the raw measured data. This was done by mea-
suring each crystal's response function under controlled conditions by radiating
the crystals with x-ray sources of known energy and strength (Ba-133,Co-57, and
Cs-137 [Nil). Once measured, the response function was inverted and applied to
the raw signal to produce the corrected data [T4], [J21. The background noise
was estimated by measuring the emission with a detector whose collimator was
effectively blocked, under the same plasma conditions. Once the background noise
was determined, it was subtracted from the signal measured by each spectrometer
under the assumption that the noise level was detector independent. Note that
this does not correct for wall radiation which may contaminate the angular mea-
surements. There is no good way to experimentally estimate this effect. However,
the slope of the corrected spectra measured by the detector viewing the plasma at
90* agreed with the central channel spectra collected by the perpendicular detec-
tor array. Thus, wall radiation was probably not a major problem. The statistical
noise in the raw spectra is about 10 %. Corrections for crystal efficiency and noise
increase this uncertainty in the corrected data to about 35 %. No additional un-
certainty due to shot-to-shot variations was incured since an array collecting data
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from all angles simultaneously was employed.
6.3 X-ray Measurements and Modelling
Figure 6.4 shows corrected spectra from the detectors viewing the plasma at
angles of 25 and 155 degrees. Indicated on the figure are arrows showing four
photon energies at which the emission is extracted and plotted as a function of
angle to the magnetic field. Figure 6.5(b) shows the data in this manner for 60, 90,
145, and 200 keV. Any model distribution function that is used to reproduce the
x-ray data must produce calculated emission that exhibits the two main features
of the data. One is the asymmetry of the emission between small and large viewing
angles. Figure 6.5(b) shows that there is about 5 times the emission at 60 keV and
about 20 times the emission at 200 keV at 8, = 250 as compared with e, = 1550.
The second main feature of the data that the model must reproduce is the slope
of the plot of photon counts versus photon energy for each viewing angle.
A simple model electron energy distribution function that has both velocity
space asymmetry and a slope in all directions is given by:
(1-)2( )2
f(p1j,pe)dpP=lCN e .0 27rp 1 dpjdpll (6.1)
27 P2o(Pi|f + Pjjb)
1
p- T(T + 2EO), Eo = 511 keVC
P1 = pcos O,, pw = psin0
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FIGURE 6.2 - Top view of Alcator showing the lines-of-sight for the angular plasma
hard x-ray array. The viewing angles are 25*, 52*, 900, 1280, and 155*.
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FIGURE 6.3 - Two schematic diagrams of the angular plasma hard x-ray array.
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JLS
I
PiO = - T1o(T1o + 2Eo)
C
PO = Pif = -Tljf(TIf + 2Eo) for pli > 0C
P1O = Pb = -Tb(TIlb + 2Eo) for pl1 < 0
where CN is a normalization factor such that f fd3 p = 1 and f = 0 for pii, p >
Pmaz = cTmaz(Tma +2Eo). Parallel and perpendicular refer to directions
parallel and perpendicular to the magnetic axis of the tokamak. Because q is so
large for these discharges (> 10), all the magnetic field lines are nearly parallel
to the central axis. This model is essentially a three temperature Maxwellian
with a cutoff. The forward direction (p1i > 0) is taken to correspond to the
direction of launched phase velocity. The four parameters that characterize the
distribution are the forward temperature T 1f, the backward temperature Ti1b, the
perpendicular temperature T1 0, and the cutoff energy Tmaz. The cutoff energy
is included to model the very sharp termination of the forward parallel electron
distribution function plateau predicted by analytic theory and code simulations
(see Fig. 3.3 and Fig. 3.4).
To obtain the parameters that give a model tail electron distribution that
most closely represents the true distribution, parameter values are assumed, the
resulting bremsstrahlung is calculated, and a statistical test is applied to measure
the goodness of fit. The test consists of a least-squares mean error difference
between the measured data and the calculated emission given by [B8]:
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c = (exp(162 /N) - 1) - 100%
where
b2 = {Mn( ) - ln( dnk,0dld IC)} (6.2b)E k dt dn d3r dk dt dO d3r c
i=1
and where dn/dk di &I d3 rjM is the measured emission and dn/dk di dO d3 ric is
the calculated emission. The process is repeated iteratively until a minimum value
of c is obtained.
Figure 6.5(b) shows the calculated x-ray emission that best matches the mea-
sured data for waveguide phasing of 900. A contour plot of the model elec-
tron distribution function that results in the calculated bremsstrahlung is also
shown in Fig. 6.5(a). The parameters for this distribution are T11f = 800keV,
Ty = TO = 100 keV, and Tn,, = 600 keV. These parameters give a mean per-
cent difference between the measured and calculated emission of e a 15%. Note
that the model distribution function has an enhanced temperature in the forward
(wave phase velocity) direction. The calculated bremsstrahlung duplicates the two
main features of the data: (1) The general peaking of the emission in the forward
(0, > 900) direction, and (2) the slope of the x-ray spectrum at viewing angle
(i.e., the spacing between lines of constant-photon-energy emission).
The cutoff energy Tm., was introduced to simulate the high energy limit on
the distribution function that could result from a restriction imposed on the max-
imum wave phase velocity prescribed by the lower hybrid accessibility condition.
However, it is not possible with the present data to clearly distinguish between
models with a cutoff energy and those without. This is particularly true here
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FIGURE 6.5 - (a) Contour plot of the model tail electron distribution function.
(b) X-ray emission for a waveguide phasing of 900. The symbols are the measured
data and the solid lines are the emission calculated from the distribution function
shown in (a).
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where experimental conditions limited the maximum measured photon energy to
about 200 keV. A best fit with Tmc, - oo is obtained for T1 = 500keV. In this
case, the parallel forward temperature is somewhat decreased from the previous
model to compensate-for the increased number of high energy tail electrons:-The
parallel backward and perpendicular temperatures are not affected by the choice
of Tma, since they are so much smaller. The mean square error in this case is
E = 18%, which is comparable to the previous model. In either case, there is
clearly a large high energy electron tail extending preferentially in one toroidal
direction. To distinguish between the two models, data from over 500 keV would
be required.
For the plasma conditions under which the emission data of Fig. 6.5 were
collected (fii = 3x10 13 cm-3, B=8T, Hydrogen gas, I, = 140kA), lower hybrid
wave accessibility restricts resonant electron energies to below 400 keV at the
plasma center. This value increases at larger radii due the decreased density and
increased magnetic field. The cut-off value of Tmaz = 600 keV was chosen because
it best fits the data. Also, it is not possible to fit the data with a smaller value.
Thus, it must be concluded that the measured distribution function is actually
the true distribution averaged over the plasma poloidal cross section. This is in
keeping with the fact the the measurements are all chord averaged. Because the
tail properties calculated in Section 6.4 are averages over the poloidal cross section,
they are accurately determined with the measured distribution function. This is
further discussed in Section 6.4.
Figure 6.6(b) shows actual and fitted emission data for plasma conditions
similar to those of Fig. 6.5(b), but with a waveguide phasing of 1350. The model
distribution used to fit the data is shown in Fig. 6.6(a). The general features of the
distribution function here are similar to the 90* case, except that the temperatures
of the distribution are significantly reduced to T11f = 200 keV, and T1b = Tio = 70
keV (c - 30%). The cutoff energy was kept at Tmz = 600 keV since the plasma
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conditions, which determine accessibility, are unchanged. The depreciation of the
temperatures is particular sever for the forward parallel temperature. This is due
to the difference in the shape of the launched Fourier power spectrum. Figure 2.1
shows that there is much more power at low values of n1 (corresponding to high-
phase velocity waves) in the 900 case than in the 1350 case. This is reflected in
the slope of the distribution function. In particular, for 900 phasing the power in
the launched Fourier spectrum increases monotonically as n1l decreases from 3 to
1. This corresponds to resonant electron kinetic energies ranging from 30 keV to
that prescribed by accessibility. For the 1350 case, the power spectrum peaks at
about n1 = 2 (- 100 keV), and extends from nl = 4 down to the accessibility
limit. This effect was discussed earlier in Chapter 5 and can be seen in the code
simulations shown in Fig. 5.7. Here, the distribution function for the 900 case
cuts off at about 500 keV, whereas the distribution function for 135' phasing cuts
off near 100 keV. For Tma - Oc, T1ff, Tb, and TO are unchanged. The reason
is that in the 135' case, Tmaz > T1f, so that the shape of f(T,0,) is determined
only by the launched rf power spectrum and not accessibilty. Thus, the exact
value of Tmaz has little effect on the calculated emission.
A key question in the interpretation of these modellings is the sensitivity
of the calculated bremsstrahlung emission to changes in the model distribution
function. Figure 6.7 is a plot of the calculated bremsstrahlung emission from the
model electron distribution used to fit the 90' phasing data, for photon energies
of 60 and 200 keV (solid lines). Also shown is emission calculated from model
distributions where one parameter at a time is varied by .50% (dotted lines). It
is clear from the figure that the major change in x-ray emission intensity occurs at
the angles at which the electron distribution has changed. For example, when T1 O
is varied, then the greatest change in x-ray emission occurs for emission angles
between 60* and 1200. Similarly, variations in T11f primarily affect the forward
x-ray emission (0, < 60*), and variations in TIIE primarily affect the backward
emission (91 > 1200).
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FIGURE 6.6 - (a) Contour plot of the model tail electron distribution function.
(b) X-ray emission for a waveguide phasing of 1350. The symbols are the measured
data and the solid lines are the emission calculated from the distribution function
shown in (a).
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The slopes of the photon spectra are not very sensitive to the tail electron
temperature. For example a change in T1 o of 50% changes the perpendicular x-
ray spectrum slope (Ti. -ak/MIn(d 'dn .) by about 15%. As noted before,
the error in the measured data is about 35%. This translates into an uncertainty
in the measured x-ray spectra slopes of about 15%, or about a 50% uncertainty in
the model distribution function parameters, as shown in Fig. 6.7.
The preceeding error estimate is based on the known error in a single measured
data point. However, the determination of the shape of the tail is somewhat
improved with several viewing angles at which the slopes calculated from the
model distribution function are compared to the data. In fact, the data shown in
Fig. 6.5(b) is very smooth in viewing angle, so that the model distribution function
parameters can vary no more than 20% before there are clear discrepancies between
the measured and calculated x-ray emission. This error estimate is more consistent
with the overall scatter in the measured data, and so is taken to be the actual
error. The implications of these rather large error estimates are discussed in the
next section.
6.4 Discussion of Results
It is important to completely determine the high energy electron distribution
function in order to calculate several plasma quantities that are necessary to un-
derstand the overall effect that the current drive has on plasma energy, power,
and confinement properties. These include (1) the number of electrons in the tail,
(2) the energy content of the tail, (3) the power dissipated by the tail on the bulk
plasma, and (4) the power radiated from the-tail by cyclotron and bremsstrahlung
emission. Calculations of the integral quantities listed above that are presented
in this section must be used with caution because of the various uncertainties
associated with the model distribution.
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The number of tail electrons can be computed by assuming that the high
energy rf wave produced tail carries all the current. Thus, the number of tail
electrons, neto, is given by the definition of plasma current:
eneto 2irrdr Set (r) d p v cos(O,) f(T, ,)] =I, (6.3)
where Set(r) is the radial profile shape of the tail. The assumption that the tail
carries all the current is reasonable for the steady discharges for which the plasma
current is constant and all the power is suplied by the rf system. For the model
distribution of Fig. 6.5(a) (900 case), the central tail density is estimated to
be neto = 3.3x10 11 cm- 3 , or equivalently the central tail-to-bulk density ratio is
neto/nebO = 7x10-3. For the data shown in Fig. 6.6 (135' case) the tail electron
density is estimated to be neto = 6x10" cm- 3 , or equivalently the central tail-to-
bulk density ratio is neto/nebO = 1.4x10-2 . The tail density is higher in the 1350
case because while the current is the same in both cases, the mean parallel electron
velocity is less so that the number of electrons is greater. This observation will
have further consequences in relationship to other calculated quantities.
The energy content of the tail is:
Wt = [2rRO 27rr dr net(r) d3p T f(T, 0) (6.4)
where T is the kinetic energy and Ro is the major radius of the plasma. Tail
energies of ~ 1.4kJ and - 1.6kJ are estimated from the data of Figs. 6.5 (90*)
and 6.6 (1350), respectively. The two values are nearly the same because the
greater average electron energy in the 900 case is compensated for by the fewer
number of tail electrons. The tail energy is comparable to the bulk energy which for
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these discharges is about 1.2 kJ. These tail energy estimates should be reasonably
accurate since it is the high energy electrons which contribute most significantly
to both the measured x-ray spectra and the tail energy. In fact, the average tail
electron energy is 240 keV for 900 phasing.
This is not true when calculating the power the tail supplies to the bulk
through collisions 1M4]:
PD = 27rRo j 27r dr nt (r) fdp T v(v) f (T,0,) (6.5a)
w 4 inA
where v(v) = --e-- , or
PD = 366.3 27rRoj 27r drnet(r)neb(r) 0j d 3 p C f(T, 0,) Watts, (6.5b)
where all lengths are in units of cm, and particle densities are in units of 1014 cm- 3 .
Here, because of the 1/v nature of the integrand, the major contribution to
the velocity space integral comes from the tail electrons with p Pmin, where
Prin is the momentum at which the tail distribution meets the bulk distribution.
Bremsstrahlung from these low energy electrons is considerably smaller than the
emission from the higher energy electrons. This implies that for low values of p,
the true shape of f(T, 0,) could deviate significantly from the model distribution
function shape. This might drastically affect the infered value of PD, without
significantly affecting the calculated values of neto and Wt. With this caveat, the
calculated values for PD are 150 kW (50% of the injected rf power) for the 90*
case, and 350 kW (55% of the injected rf power) for the 1350 case. Note that the
dissipated power is over twice as large for 135' phasing as for 90' phasing. The
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reason for this is twofold. First. there are twice as many electrons in the tail for
the 1350 case, and secondly, the mean energy of the electrons in f(T, 0,) in the
1350 case is smaller so that (1/v) is significantly larger. Thus, for 1350 phasing,
there is over twice as much power input to the bulk plasma.
The power radiated at all cyclotron harmonics is given by integrating over
the single particle emissivity as 1B71:
PeY= (1.58B 2)(27rRo) 27r dr nt(r) dsp pi f(T, 0,) Watts, (6.6)
where all lengths are in units of cm, particle densities are in units of 1014 cm 3 , and
momenta are normalized to mc. The cyclotron emission power is calculated to be
16 kW and 22 kW for the 900 and 1350 cases, respectively. The bremsstrahlung
power radiated from the tail through high energy electrons colliding with bulk
plasma ions was found to be negligible for both cases. The values are PB =
10 Watts for 900 phasing, and PB = 8 Watts for 135' phasing.
Using these calculated integral values, a gross tail energy confinement time
of rEt = Wt/(viP,.f - PD - PCyC - Pb) can be calculated. The quantity rq has
been introduced to account for the fact that not all the injected rf power may be
damped on the tail. For r7 <; 1, the tail energy confinement times are rEt > 10 ms
for the 90* case, and TEt > 7 ms for the 1350 case. For the 900 case, the bulk
energy confinement time is rEb = WbIk/PD = 7 ms. All of these results are
summarized in Table 6.1. The three tail temperatures are given along with their
estimated errors. The remainder of the table gives various superthermal electron
tail properties with their uncertainties. The tail property errors result from the
estimated uncertainty in the model distribution function parameters.
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SUPERTHERMAL ELECTRON TAIL PROPERTIES
R= 3 . 1013 cm- 3, I = 130 - 145 kA, B - 8 T, bulk - 1.2 kJ
90g
P (kW)
RF
300
135'
610
Tall Temperatures: T for (keV)
T back (keV)
(keV)
800 + 160
100 + 20
100 + 20
2U0 + 40
70 + 14
70 + 14
Average Velocity <
v9 >/c
Ratio of tall to bulk density
Tail Energy Wtal (kJ)
Collisional power PD
Cyclotron power P
c
(kW)
(kW)
Energy Confinement time T (ms)
Et
.31 t 0.03
6.9+ 0,5 x 10
1,4 t 0.2
150 ! 15
16 t 5
10 + 2
.16 +
-3
0.015
1.4 + 0,1 x 102
1,6 + 0.2
35U + 35
22+ 7
7 + 1.5
Table 6.1 - Calculated properties of the model high energy tail electron distribution
function. The bulk plasma parameters for the discharges during which the x-ray
data were collected are given at the top.
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In order to better understand the energy confinement properties of the high
energy tail, it is possible to determine an energy confinement time for a group
of tail electrons in a small parallel velocity (energy) interval as a function of the
mean parallel velocity (energy) of that group of electrons. The definition of this
variable tail confinement time is the same as the overall tail energy confinement
time given above, except that the various tail properties in the definition come
only from a group of electrons between vil and v11 + Avl. Thus, Wt, PD, and P.,,
are still given by equations 6.4, 6.5, and 6.6 respectively, but with the integration
region limited to the group of electrons in question. However, the rf power input
to that group of electrons could not be experimentally determined. Thus, it was
necessary to rely on the Bonoli-Englade code to determine the amount of power
damped on electrons in a given region of velocity space.
The Bonoli-Englade code employs a Fokker-Planck velocity space diffusion
equation to model the behavior of the electron tail under the influence of applied
rf power. This equation includes an anomalous loss term to account for energy
directly lost by the tail electrons. The loss term uses an energy dependent con-
finement time which can be adjusted to insure a match between the measured and
calculated current drive efficiencies for given plasma conditions. The exact energy
dependence of this tail confinement time determines, among other things, the dis-
tribution of rf wave damping over the electron tail. Thus, this energy dependence
was iteratively adjusted until it agreed with the energy confinement time calcu-
lated using the measured distribution function and the calculated rf power input.
In this way, the code confinement time and the experimental confinement time
(which depends on the code for the rf power input) are consistent. In order to
estimate the error in the calculated value of r(vi1 ) that results from using the input
rf power from the Bonoli-Englade code, the rf power was also calculated analyti-
cally. This was done by directly substituting the experimentally determined high
energy electron distribution function into Eq. 3.18(b) and integrating over the
plasma cross section. The quasi-linear diffusion coefficient used in this calculation
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was assumed to be independent of velocity and was normalized so that the total
rf power damped on the forward tail was 200 kW. This reflects the fact that only
2/3 of the total launched rf power (300 kW) travels in the ohmic drift direction.
Using the analytically determined rf power, it was again possible to calculate the
energy confinement time for a small group of electrons between vil and vj1 + AvI,
as a function of parallel velocity (energy).
Figure 6.8 shows the experimentally determined tail energy confinement time
rEt. The solid circles are the values calculated using the rf power input from the
Bonoli-Englade code. The corresponding solid line is a plot of the function ro !?-y 6
which is used by the Bonoli-Englade code with ro = 10 ms. A similar analytic
form was found to be a good empirical fit to the measured energy confinement
time for runaway electrons in low density ohmic discharges [M4]. The open circles
(and dashed line) are the confinement times calculated by using the analytically
determined rf input power. The two sets of data show the same qualitative trend
and differ quantitatively by no more than a factor of two. This gives confidence
that the basic behavior of rEt has been correctly determined. Also shown is the
slowing down time for a fast electron, rs. There are several interesting conclusions
that can be drawn from this figure. First, faster electrons clearly have better
confinement properties than slower electrons. This may explain why 90* phasing
is more efficient than 1350 phasing.and may point the way to further improvements.
Secondly, even though the mean tail electron energy is about 240 keV, the mean
energy of the current carrying electrons is only about 40 keV. For these electrons,
the energy confinement time is three times as long as the slowing down time. Thus,
the current is collisionally dominated and this is corroborated by the fact that the rf
power required to maintain the plasma discharge increases approximately linearly
with density. Again, improvements in the current drive efficiency may be possible
by using faster waves. However, this is not the complete picture. The present
generation of current drive experments (Alcator, PLT, Versator, FT, WEGA, etc.)
has bulk electron temperatures on the order of a keV, while the tail temperatures
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are several hundred times larger. Thus, in order to bridge this large spectral gap
between the high energy tail electrons and the low energy bulk electrons, a very
broad rf power spectrum is required. This results in a rather low effective current
carrying electron energy, which for Alcator is 40 keV. This energy corresponds to_
the effective n11 value for the launched rf spectrum that results from an analysis of
the Alcator ramp-up data. The low value of current carrying electron energy leads
to a theoretical current drive efficiency of only about 0.1 [K81, which is exactly in
the range of observed values for today's tokamaks. Thus, since the next generation
of tokamaks will have bulk electron temperatures near 10 keV, the spectral gap
will be much smaller so that a much narrower rf power spectrum can be used. This
will result in a much higher effective current carrying electron energy. This, in
turn, should give much improved current drive efficiency since the collisional drag
on the tail will be smaller, and the effective tail energy confinement time should
be larger. Finally, the cross over point between the energy confinement time and
the slowing down time occurs at about 120 keV. This is very near the energy that
corresponds to (c/v) which determines PD. Thus, it is not surprising that half the
input rf power is collisionally damped on the bulk and that half is directly lost by
the tail.
6.5 Chapter Summary
A technique for measuring an anisotropic high energy electron distribution
function has been discussed, as well as its limitations. The technique has been
used to measure the parallel electron tail generated during lower hybrid current
drive on Alcator. A discussion of the errors was given in order to determine the best
estimate of the electron tail model parameters. The tail distribution function was
found to be highly anisotropic, as predicted by theory, with a forward temperature
about eight times larger than the perpendicular or backward temperatures. The
infered distribution function was found to "track" with the launched rf power
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spectrum. The distribution function was used to calculate several properties of
the tail. The stored energy was found to be comparable to that in the bulk even
though the tail-to-bulk density ratio was only about 0.5%. About half of the
input rf power was collisionally dissipated on the bulk-plasma. The cyclotron
power emitted by the tail was small (5% of input power), and the bremsstrahlung
power was negligible. The energy confinement time of the tail electrons was found
to increase with electron energy suggesting possible improvements in the current
drive efficiency.
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CHAPTER 7. TRANSIENT X-RAY PHENOMENA
This chapter describes the behavior of the x-ray emission under non-steady-
state conditions. The data were all collected with the central channel spectrometer
of the perpendicular array described in Chapter 5. The first section discusses
the initial quasilinear plateau formation when the rf power is injected, and the
resulting x-radiation. The second section examines the x-ray emission spectra
that is produced by the combined effects of the applied rf power and the ohmic
heating electric field on the high energy tail electrons. Because of the transient
nature of this phenomenon, and because it is difficult to seperate the effects of the
rf power and the electric field, much of the discussion in this section is qualitative
in nature.
7.1 Electron Distribution Function Plateau Formation
When rf power is injected into a tokamak plasma to produce current drive, a
finite amount of time is required to form the anisotropic steady state velocity space
plateau which carries the current. This process is discussed in Chapter 3, and Eq.
3.26 gives the theoretical expression for the two dimensional plateau formation
time. Figure 7.1 shows the plasma current, plasma line averaged density, plasma
high energy x-ray emission (E, > 30keV), and the input rf power, for a typical
current drive discharge on Alcator. A detailed examination of Fig. 7.1 indicates
that the x-ray emission, and thus the high energy electron population, reaches a
steady state in about 2.5 ms. This agrees well with the 2-D theoretical value of 2.9
ms [K6], using 1.2 < nl S 2.5, T, = 1.5keV, Zeff = 1.5, and n, = 4.5x1013cm- 3 .
(The corresponding 1-D value is 0.97 ms [K61.) Thus, the electron tail forms very
quickly in velocity space. However, bulk plasma properties such as the internal
inductance continue to evolve for 20-50 ms after the rf power is injected, so that
a true overall steady-state is only reached after this time.
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FIGURE 7.1 - A typical Alcator C current drive discharge showing the rise in the
plasma x-radiation at the onset of rf power.
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7.2 Electric Field Effects on the Temporal Behavior of the X-ray Spectra
Figure 7.2(a) shows the time history of a current drive discharge on Alcator.
The rf power is injected at the point where the plasma hard x-ray signal begins to
increase, and is turned off where the emission drops sharply back to zero. (Unlike
the previous figure, the power level here was slowly ramped up to its maximum
value and the x-ray emission mirrors this behavior). The plasma density on this
shot was near the high end of density range normally used during current drive
on Alcator. Consequently, on this particular shot, the rf power was insufficient to
maintain a steady plasma current. Instead, the current continued to fall during
the rf pulse even though a high energy rf driven electron tail had formed. When
the rf power was turned off, the x-ray signal returned to the pre-rf level in about 4
ms. This is also the slowing down time for a 300 keV electron under these plasma
conditions, which is a representative electron energy for the entire tail population.
Figure 7.2(a) shows that there is a discontinuity in the slope of the plasma current
at the time when the rf power is turned off. This discontinuity results in a loop
voltage spike which can potentially accelerate plasma electrons. However, in this
case, since the plasma current is falling during the current drive, the change in
slope is small and the amplitude of the voltage spike is only about 0.1 volts. This
is only sufficient to cause electrons with energies greater than several MeV to
runaway. Therefore, for the case shown here, the post-rf evolution of the electron
tail is dominated by collisional slowing alone.
Also shown in Fig. 7.2(a) are time windows during which four spectra were
sequentially collected. Spectra I-III are the same to within experimental error.
Spectra IV, which was collected after the rf power was turned off, shows only
negligible emission. Again, this indicates that the high energy tail electrons were
collisionally drawn back into the bulk plasma very quickly.
Figure 7.3(a) shows a discharge similar to that shown in Fig. 7.2. In this
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FIGURE 7.2(a) - A typical Alcator C current drive discharge showing the colli-
sional decay of the x-radiation following the rf power and the four time windows
during which x-ray spectra are collected.
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case, however, the density was somewhat lower so that a true current flat-top was
attained. When the rf power was turned off, the plasma hard x-ray signal returned
to pre-rf levels in about 15-25 ms. However, the slowing down time for a 300 keV
electron under these conditions is only about 8 ms. The reason for the discrepancy
is related to the loop voltage spike that is induced at the discontinuity in dIp/dt at
rf power turn off. This spike had an amplitude of 0.7 volts which corresponds to a
critical runaway electron energy of 280 keV. This is well into the range of electron
energies in the quasilinear plateau. Thus, this spike causes a fraction of the high
energy tail electrons to accelerate. The low energy electrons in the rf wave created
tail are still dominated by collisional slowing. Therefore, even though the overall
x-ray emission drops, the mean post-rf tail electron energy increases. This can
be seen in spectra IV of Fig. 7.3(b). Spectra II and III show that a steady state
is reached during the current drive phase of the discharge, and spectra I shows
that there is negligible emission before the rf power is turned on. The post-rf
accelerated high energy electrons are eventually lost after 50 ms. This gives only
a very rough indication of the tail particle confinement time during current drive,
since the physical mechanisms for confinement during the rf pulse and after are
rather different.
Figure 7.4(a) again shows a discharge similar to that shown in Fig. 7.2. In
this case, however, the density was not only lower still, but was actually falling
slightly during the rf pulse so that the plasma current rose from 180 kA to 220
kA. This rising current and falling density resulted in a monotonic increase in the
plasma hard x-ray emission during the rf pulse, so that a steady level of emission
was never reached. In addition, spectra I-III taken during the rf pulse and shown
in Fig. 7.4(b) clearly indicate that the emission was hardening with time. When
the rf power was turned off, the plasma hard x-ray signal dropped to about half
its maximum value in approximately 10 ms. Following this, there was a burst in
the emission followed by a return to pre-rf levels in about 80 Ms. The following
is a possible scenario of the physical mechanisms leading the the observed x-ray
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FIGURE 7.3(a) - A typical Alcator C current drive discharge showing the electric-
field-enhanced decay of the x-radiation following the rf power and the four time
windows during which x-ray spectra are collected.
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emission.
When the rf power is turned off, the slower tail electrons are drawn back
into the bulk plasma on a time scale comparable to the slowing down time (10
ms for these plasma conditions). In the mean time, the higher energy electrons
are being accelerated. This acceleration is more rapid and involves more electrons
than in the previous cases for two reasons. First, the density was lower and
continued to fall after the rf power was turned off so that the collisional drag was
smaller. Secondly, because the plasma current was rising during the rf pulse, the
discontinuous change in the slope at the point where the power was turned off was
greater giving a larger loop voltage spike of 1.1 volts. This corresponds to a critical
runaway energy of 160 keV, which is clearly very far into the range of quasilinear
plateau electrons. Spectra IV of Fig. 7.4(b) shows the enhanced hardening of the
x-ray spectrum following the rf pulse.
The comparitively large build up of very energetic electrons resulted in a
burst of plasma x-radiation. The small periodic spikes suggest that the built up
of a fast electron tail may be adaquate to trigger the so-called "Parail-Pogutse"
instability [P5]. This instability tends to pitch angle scatter a long parallel electron
tail into perpendicular velocity space. Since the plasma hard x-ray spectrometers
are particularly sensitive to perpendicular emission, the turning of the electron
tail results in a small spike in the measured signal. Because the electric field is
continuously accelerating electrons in the parallel direction, the "Parail-Pogutse"
instability tends pitch angle scatter the parallel tail at regular intervals. The
length of the interval is determined by the amount of time required to develop
a parallel tail of sufficient magnitude to trigger the instability. This leads to the
periodic spikes in the observed signal. These plasma x-ray emission spikes are well
correlated with both the 2w,, ECE emission and the limiter x-ray emission, which
has measured photon energies up to several MeV [P8],[G1]. These instruments are
both sensitive to perpendicular radiation. For the plasma conditions given here, a
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FIGURE 7.4(a) - A typical Alcator C current drive discharge showing the ex-
tremely electric-field-enhanced decay of the x-radiation following the rf power and
the four time windows during which x-ray spectra are collected.
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bulk-to-tail density ratio of about 10-', and a parallel tail temperature of at least
400 keV are required to trigger the "Parail-Pogutse" instability 1P7]. The results
of Chapter 6 suggest that these conditions can be easily met for the discharge in
question.
Eventually, these extremely energetic electrons slow down or, more likely, are
lost from the tail. Because of their high energy and the continuing acceleration
effects of the electric field, these electrons persist for up to 80 ms. This long
confinement time agrees with the results of Chapter 6 which showed that the
energy confinement time improves with electron energy.
7.3 Chapter Summary
This chapter has examined some transient phenomenon associated with lower
hybrid current drive on Alcator. Section 7.1 showed that the rise in the x-ray emis-
sion at the onset of current drive, reflective of the high energy electron quasilinear
plateau formation time, agrees well with the value predicted by the 2-D theory.
Section 7.2 discussed some of the combined effects of the applied rf power and
toroidal electric field. It was found that at the upper end of the density range over
which current drive is performed on Alcator, the post rf power behavior of the high
energy quasilinear tail electrons is determined by collisional slowing. However, at
lower densities, the behavior of the most energetic tail electrons is governed by
the induced electric field. This field causes the electrons to be accelerated and in
the most extreme case can lead to the onset of the "Parail-Pogutse" instability.
However, during flat-top current drive conditions, the electron tail terminates near
600 keV, and the instabilty does not develop.
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CHAPTER 8. SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK
8.1 Summary and Conclusions
High energy plasma bremsstrahlung emission during lower hybrid current
drive on Alcator has been experimentally investigated using NaI scintillation spec-
troscopy. A review of some theoretical aspects of lower hybrid wave-plasma inter-
actions, as it relates to the work done here, has been given. A complete theoretical
description of lower hybrid current drive has also been given. This description in-
dicates that a lower hybrid wave spectrum launched into a tokamak plasma will
resonantly interact with electrons and form a highly anisotropic non-Maxwellian
tail in the parallel direction. The extent of the tail will be over the range of phase
velocities present in the wave spectrum. Thus, an rf power spectrum launched in
only one toroidal direction will result in an asymmetric electron distribution func-
tion which carries a net plasma current. Current drive theory also indicates that
the wave spectrum phase velocities must be much greater than the thermal veloc-
ity. This is necessary to minimize the collisional drag on the resonant electrons
and subsequently minimize the input rf power required to drive current.
For the current drive experiments performed on Alcator, a phased waveguide
array was used to launch the applied power primarily in one toroidal direction.
The resulting high energy tail was observed to carry the entire equilibrium plasma
current of several hundred kiloamperes. The high energy electrons generated by
the traveling lower hybrid waves undergo small angle, thin target bremsstrahlung
collisions with the comparatively stationary plasma ions. Due to the high energies
(several hundred keV) and abundance (several times 1011 cm- 3 ) of these elec-
trons, this bremsstrahlung emission is easily measured using sodium iodide (Nal)
spectroscopy. A review of the theory and practice of NaI scintillation spectroscopy
has been given.
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Two distinct sets of spectroscopic data were collected. The first set of data
was collected by viewing the plasma along parallel chords perpendicular to the
magnetic axis. These measurements, which yielded the radial profile of the ener-
getic tail electrons, were made during systematic plasma parameter scans. The
second set of measurements were made by viewing the plasma along chords which
lie in the toroidal midplane, and intersect the magnetic axis at various angles.
These measurements, which yielded the angular variation in the emitted x-ray
spectra, were only made for a very limited set of plasma parameters. This data
was used to determine the shape of the high energy electron distribution function
in velocity space.
The perpendicular emission spectra were measured with seven 1"x3" Nal
scintillators. The spectra were linear on a semi-log scale, extended out to several
hundred keV, and had slopes of several tens of keV. The spectra were used to con-
struct emission profiles for each measured photon energy. The profiles were always
peaked on axis but broadened with, increasing photon energy. Equivalently, the
spectra were more energetic in the outer plasma regions. This behavior indicates
the importance of lower hybrid wave accessibility. Fast waves that cannot pene-
trate into the plasma interior due to the increased density remain in the plasma
exterior. Consequently, the mean energy of the resonant electrons in the outer
plasma is greater than in the inner plasma. Wave accessibility can also account
for the observed behavior of the x-radiation as a function of plasma density, or
toroidal magnetic field. All the measured spectra become more energetic and the
emission profiles become more peaked as the plasma density is lowered, or the
magnetic field raised. This is a direct result of improved wave accessibility for
faster waves at higher field and lower density. It was also found that the x-ray
spectra become more energetic and the profiles more peaked as the relative wave-
guide phasing is decreased. This does not depend on accessibility, since the plasma
parameters remain unchanged, but rather is due to the fact that as the waveguide
phasing is decreased, the launched power spectrum shifts toward higher phase ve-
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locity waves. This results in more energetic resonant electrons at all positions in
the plasma. Also, the faster waves tend to damp near the plasma center where the
electron temperature is higher, leading to more peaked x-ray emission. Finally, as
the plasma current was increased, all x-ray spectra became more energetic, and the
profiles broadened. The broadened profiles are related to toroidal effects on wave
penetration. As the current is increased, q(a) decreases. This leads to enhanced
damping of the waves in the outer plasma region. Also, as the current is raised,
more rf power is required to maintain a steady-state discharge. This increase in
the rf diffusion coefficient flattens the quasi-linear plateau leading to more ener-
getic x-ray emission. All of these results have been modeled using x-ray emission
calculated from the electron distribution function generated by the numerical cur-
rent drive simulation code of Bonoli and Englade. By using this code, the physical
mechanisms leading to the observed variation in the measured emission for each
scan were easily identified.
An array of five 5mm x 5mm Nal crystals fiberoptically coupled to PMTs was
used to make measurements of the angular variation of the plasma emission. Two
detectors viewed the plasma tangentially, one looking into the electron stream
(250), and the other looking away (1550). Another detector viewed the plasma
at 90' to the magnetic axis. The remaining two detectors viewed the plasma at
intermediate angles (52' and 1280). Each detector collected a spectrum which
was generally linear on a semi-log scale with a slope of several tens of keV, and
extended out to about 200 keV. The spectra showed a clear enhancement in both
amplitude and mean energy (slope) as the viewing angle decreased from 1550 to
25*. Using this data, it was possible to quantitatively reconstruct the high energy
electron distribution function. This reconstruction was facilitated by the fact that
high energy electrons emit bremsstrahlung radiation in a narrow cone centered on
the electron velocity vector. Therefore, viewing the emission due to a distribution
of high energy electrons from different positions in real space is equivalent, within
some uncertainty, to viewing the velocity space distribution of the electrons them-
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selves. The model distribution function used was a three temperature Maxwellian.
with a forward temperature of 800 keV, and a perpendicular and backward tem-
perature of 100 keV. Knowing the distribution function, it was possible to calculate
several tail properties of interest-The mean tail electron energy was founf-to be
240 keV even though the mean energy of the current carrying electrons was only
40 keV. The tail-to-bulk density ratio was 0.007. The stored energy was 1.4 kJ
compared to the bulk stored energy of 1.2 kJ. The power dissipated on the bulk
plasma by collisions was 150 kW out of a total input power of 300 kW. The power
radiated through cyclotron emission was small (16 kw), and the power radiated
through bremsstrahlung was negligible (10 W). From these values, a tail energy
confinement time of 10 ms was deduced, which should be compared to the bulk
energy confinement time of 8 ms. A more detailed examination revealed that the
energy confinement improved with increasing electron energy. Thus, for the com-
paratively low energy current carrying electrons, the collisional slowing down time
was much shorter than the energy confinement time.
8.2 Recommendations for Future Work
Several additional measurements that would provide very valuable informa-
tion could be made. First, the observation of "sawtooth stabilization" using lower
hybrid waves has become a very important issue in connection with the "profile
consistency" picture of Coppi [C41. The idea is that the current profile during
steady ohmic tokamak discharges is determined only by q(a). However, applica-
tion of lower hybrid rf power can drive non-ohmic current and thereby violate
"profile consistency". It may be possible to use this concept to improve bulk
energy confinement during intense auxillary heating of tokamaks. To date, it
has been experimentally observed on both Alcator and PLT that when traveling
waves are injected into an ohmically maintained plasma, the normally present
sawtooth oscillations vanish [P9]. This may be due to the presence of high en-
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ergy electrons which carry part of the current. These high energy electrons would
emit x-radiation that could be directly measured using the perpendicular array
described in Chapter 5.
It was stated in Chapter 5 that the x-ray emission profiles are symmetric to
within the experimental uncertainties of the measurement. While this is strictly
true, there appears to to be a consistent enhancement of the emission from the
inboard side of the tokamak. This effect becomes more pronounced at higher
photon energies. There are several possible explanations for this behavior, each
of which could be tested experimentally. One possibility relates to the magnetic
topology of the tokamak. The current direction is such that the helical twist
of the field lines forces the current carrying high energy electrons to be traveling
slightly downward on the inside. The relativistic bremsstrahlung "headlight effect"
discussed in Chapter 6 could then lead to enhanced emission from the inboard
side of the tokamak. This could be tested by reversing the current, and/or using
a side mounted array. Another possible mechanism relates to the constancy of
the magnetic moment, jp. Since the local magnetic field is larger on the inboard
side of the tokamak than on the outboard side, the inboard electrons will have
a slightly larger fraction of their total energy in the perpendicular direction than
the outboard electrons. Again, because of the headlight effect, this could lead to
enhanced emission from the inboard side. This could also be tested with a side
mounted array.
There are also several additional interesting measurements that could be at-
tempted using the angular array discussed in Chapter 6. However, unlike the
rather easy additional perpendicular measurements described above, it would be
difficult, if not impossible, to do any more angular measurements on Alcator-C.
Therefore, in order to implement the following suggestions a new machine, such
as Alcator DCT or C-MOD, would have to be built. The experimental conditions
for these types of machines would eliminate many of the uncertainties inherent in
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the measurements on Alcator C.
It would be very valuable to be able to make these measurements for various
plasma parameter scans. The most important of these would be a scan of the
plasma density. Complete knowledge of the tail distribution as a function of plasma
density would enable the experimental determination of the actual power input
to the bulk plasma. This information, in conjunction with bulk temperature and
density measurements, would lead to an unambigous scaling of the bulk energy
confinement time with plasma density.
Since only five angles were available in the measurements of the angular vari-
ation of the x-ray emission, it was not possible to test for a tail distribution
function whose shape depended on the position within the plasma. This would
be a desirable measurement since there is evidence from both the perpendicular
measurements and from PLT [S7] that the distribution function becomes more
energetic in the outer regions of the plasma.
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